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SUMMARY 

h 

It      An extensive study of the reinforcing action of all types 

of finely divided fillers in dimethyl siloxane rubbers has been 

made. 

2. The most reinforcement was obtained with s ilica or alumina 

fillers of 0.01 to 0,02 micron diameter. 

3. Maximum tensile str ngth of the rubber was achieved through 

the use of Alon,  a finely divided aluminum oxide,   and GS199S, 

hydrophobic silica,  both of which affect the chemical cross- 

linking reaction in addition to producing rcinforcoment. 

U.      Cross-linking agents were studied but nono was found to be 

more effective than benzoyl peroxide. 

5.      The cross-linking reaction wa3 studied and it was found 

that: 

(a) The cross-linking is a coirrolicated reaction in 

which only $ to 25 percent of the cross-linking occurs 

as a dirnct oxidation of methyl side chains on adjacent 

atoms; 

(b) Cross-linking and substitution on the methyl 

groups appear to go on simultaneously; 

(c) Cross-linking efficiency is greatest with the 

j_ first 2 percent of peroxide .    At higher concentrations, 

cross-!1.inking efficiency is reduced. 
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(d) Compression set resistance is best with short, 

low-tempera tare press cures and long, high-temperature 

oven cures. There is no advantage in using press 

conditions that will be more severe than 15 minutes 

at 210°F.j 

(e) Cross-links may be formed by the (presumed) 

action of atmospheric oxygen on the organic coating 

on hydrophobic silica in the absence of added 

peroxides. This action is difficult to control 

above 300°F.j 

(f) And further study of the vulcanization of silicone 

rubber should be undertaken. 

6. For maximum reinforcing aotion, fillers should be dry, and 

their surfaces approximately neutral. Very acid or very alkaline 

surfaces apparently have an adverse reaction on the rubber at the 

filler-rubber interface. 

7. One method of promoting improved reinforcement consists in 

heating the filler-rubber mixture before adding the benzoyl peroxide. 

8«   A second method of improving reinforcemont in certain c ases 

is to depolymerizo the rubber with acids, disperse the filler (with 

the aid of solvents) in the liquefird rubber, remove tho solvents 

and regenerate the rubber by heating, 

r 
- - —~~r ] ~ — 
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9.   lb* deeolymerlaetieit of SUIMM nfcfevr ha* been wtmOUA* 

One use of depolymerlsod silicon* rubber has bam worked out 

in the discovery that improved flex life results when glass 

oloth is precoated with a stabilised depolymrised rubber before 

being finally coated with sllioone rubber oompounda. 

10* Depolymerlzed silicon* rubber has been utilised as a raw 

material with w hieh to react other organic molecules* 

11. More extensive depolymerisation occurs if the reaction 

is carried out in the presence of acetic anhydride and an 

acid catalyst. 

12. Acid depolymcrieation affects cured gums and may have 

some future value in a reclaiming process. 

13* The use of depolymerized gum or the use of low molecular 

weight ailicone oils as coatings for silica aerogel fillers 

appears to offer promise as a way of softening the bond between 

silica and rubber.    Further study is indicated by these results. 

lU. Lower molecular weight silicone rubbers result in softer 

compounds whose tensile strength is not greatly affected when 

Santocel C,  silica aerogel, is used with benzoyl peroxide as the 

curing agent.    Higher molecular weight gums are difficult to load 

with filler. With 0S199S hydrophobia silica, the lowest molecular 

weight gum samples result in low tensile strengths without much 

ohange in hardness.    Tensile strength measurements above 1$0C p.s.i. 

— •   —    . - —. — '.— 
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resulted when higher molecular weight gums, which would ordinarily 

be considered too tough, were used. 

15• OS199S hydrophobic silica compounds may be made with concentrations 

as high as $0 volumes of filler to 100 volumes of gum. The best 

tensile strengths are obtained with concentrations between 15 and 2J>, 

Rate of cure and rate of aging are decreased at the lower concentrations 

(15 volumes filler per 100 of gum). Repeated milling offsets to some 

extent the excessive cross-linking which occurs at curing temperatures 

above 300°F. 

16. The cohesive unergy density of silicon*) rubber is 7»50+.05. This 

was ascertained by a scries of swelling experiments in which corrections 

were made for polymer extracted during the swelling. Approximate 

values of Mc; the molecular weight between cross-links, were found by 

using a method of approximations to arrive at the polymer-solvent 

interaction parameter,yA# The course of future use of the swelling 

technique as a tool in studying cross-linking and reinforcement has 

been indicated. 

17. Chlorinated silicone rubber was first produced under this contract 

and has been studied further under another contract. The chlorinated 

polymer gives promise of being a useful compromise for applications 

of silicone rubber requiring fuel-resistance. 

18. Silicone rubber adhesive tapes were first produced under this 

contract and led to further study under another contract. Such tapes 

xii 
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are useful at sub-zero temperatures and at elevated temperatures 

where other adhesive tapes fail. 

19. Methods of improving the low physical properties of silicone 

rubber have been developed in this work. In certain cases, some 

compromise of high-temperature stability in order to achieve 

the high physical properties has been necessary. 

xiii 
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Shortly after ''orId "Tar II,  military exercises were 

conducted under conditions  of extreme  cold.    It was found 

as a result of these tests that practically all articles 

composed of rubber a'.id rubberlike materials  became  hard, 

brittle and none::tensible at  low temperatures.    It was 

found, for example,  that rubber tire a could  be easily 

shattered by a blow with a hammer, and fanbelts,  coated 

fabrics, gaskets and seals were so hard and stiff as to 

be completely unusable under these conditions.    As a result, 

the Office of  the Quartermaster General undertook a 

research program,  the  object  of which was  to provide rub- 

ber and rubberlike materials which would maintain their 

functional properties  over the temperature range of -65° 

to / HfO°F. 

The  siliccne rubbers   iere selected for  intensive in- 

vestigation because of  the fact   that  sillcone rubbers 

retain their resiliency over the    Ide temperature  range 

of -100° to A00°F.    This  unique property  of  the silicone 

rubbers has not  been duplicated  in any other elastomeric 

material*    At the time  that the  program was started, 

however,   the best commercially available  silicone rubbers 

suffered from low strength,  poor abrasion-resistance and 

properties which "ere inferior  generally to those of other 

elastom:ric Materials.    Investigation to  improve the 
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physical properties of silicone rubber was an obvious 

line of attack to provide a more generally useful low- 

temperature and high-temperature rubber. 

The original approach to the problem was to ascertain 

whether or not it would be possible to reinforce silicone 

rubbers in much the same manner as is used with carbon 

black in the reinforcement of natural and synthetic rubbers. 

It was thought, for example, that if some means could be 

found, either by compounding or by chemical modification, 

to achieve improvement in silicone rubbers by reinforce- 

ment, as is done when carbon black is added to other rub- 

bers, silicone rubbers could be used for many more mili- 

tary applications. It was thought desirable, too, that 

this reinforcement should be obtained without sacrifice 

of the high- and low-temperature properties inherent in 

silicone rubber, 

II Two successive contracts were entered into by the u 
Office of The Quartermaster General to achieve these ends. 

They were  "Development of Silicone Rubbers for Use at 

Temperatures down to -100°F,M,  U.S. Government  Contract 

WMf-109-qm-2l6l  (Final Report submitted March 1,  1950); 

and DA¥+-109-qm-61+,  of the  same title,  of which this  is 

the final report,   (submitted   September 1,  1953). 

j The specific assignments made under Contract WMf-109-qm- 

2161 nnd under Contract  D/,J1+-i09-c!ii-6it- and   in the  subsequent 

1! 
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amendments are given at the close of this Introduction. 

Since the objectives of the two contracts were broadly 

the same, the present report can be considered a summary 

of both.    For the convenience of the reader who nay wish 

to refer to earlier progress reports for details,  the 

folloving table of references is giveni 

Contract jfoj. 

VM~109-qm-2lSl 
it 

DAM+-109-qm-61f 
ii 

ii 
it 
it 

II 
II 

it 
II 

II 
it 

it 

Report Referred to 
pate Submitted He_re_in_ as.  

7/15 A9 1 
3/1/50 2 
5/1/50 
3/25/50 I 
12/11/50 5 
h/iZ/51 6 
3/28/51 7 
9/28/51 8 
1/15/52 9 
5/8/52 10 
6/5/52 11 
11/18/52 12 
3/13/53 13 

1^ This Report 9/1/53 

At the beginning of the studies under Contract V/Mf- 

109-qm-2l6l and also under Contract DA1+if-109-qm-6if in late 

19^8 and 19^9 respectively,  it 'as logically decided that 

the greatly needed reinforcement of siliuone  rubber  should 

be sought by finding the effects of 

1. Particle size 

2. Particle  3nape 

3. Particle  surface 

a. Extent of surface 
b. Nature of surface 
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*+.    Nature of the rubber-pigment  bond 

These variables have been kept  in mind  throughout 

the v/ork,  even though this original scope was  greatly 

broadened as promising leads developed.    After  the first 

year of work, during which a  systematic investigation of 

the above factors was carried out,  it appeared advisable 

to supplement this mode of attack with an Edisonian 

approach in which any and all feasible  reinforcing agents 

for siliccne rubber were f-iven at least cursory tenting. 

This approach,  being moderately    successful,  has been 

followed throughout the course of  the work, and  has perhaps 

met with greater succesn  than the  systematic unraveling 

of the mysteries  of reinforcement.    These cannot yet be 

clearly defined or explained.    There is today  (1953)  a 

much greater possibility of their being  solved  than there 

was in 19^8 or 19*+9 because of the ^TP.at<.r knowledge of 

the polymer itself,  of the degree of reinforcement possible 

with various pigments,  of  the  improved methods for  study- 

ing reinforcement such as by  swelling  studies,   and also 

because more uniform,  clean polymer is readily available 

in a variety of molecular-weight ranges. 

Since silicone rubber contains no complicating double 

bonds and practically no impurities and  since it  can be 

vulcanized with a small amount  of a single agent,  it  is 

the ideal system for  studying both reinforcement and vul- 

— 
". 



ization.     In   thi3 work,   vulcanization with  benzoyl  peroxide 

has   been investigated by swelling studies  in the absence 

of complications  by reinforcing agents.     It has   only 

rjcontly occurred  to us  that  it  should  be possible  to 3tudy 

reinforcement  without  the  complications   of vulcanization 

byexamining tho properties   of  niliconu   rubber  compounded 

with  DuPont  Hydrcphobic Silica,   by using only sufficient 

heat  and pressure   to form test  pieces.     This  silica possesses 

the property of  vulcanizing as  well   as  reinforcing silicone 

rubber,   but  the  vulcanizing property  can bu minimized  by 

pressing  at  tempo ratures   below 300°F« 

When the  work *J a3  started, t ho   only raw polymer avail- 

able  on the market was  General  Electrie's  9979G  (later 

called SE-79)•    About  seventy-five  different pigments  were 

tried as   reinforcing agents   in this   rubber*     Early  in 

195l,   General   Electric made  available  their 81176 or 

SE-76 rubber.     The   ease   of  compounding  and  superior tost 

values   obtained  with this   gum made   it  advisable  to change 

at  once   to   thi3   product  for   reinforcement  studies.     In 

general,  pigments   which roinforced SE-79  also  reinforced 

SE-76,   so  little duplication wa3  necessary.     All  newor 

pigments have   been tested  in   the  newer  rubber.     SE-76 

is more   comparable  to most   other elastomers  in that  it 

is  soluble  in solvents  and  is  not  cross-linked, appreciably. 

In this   respect,   it  differs  from SE-79  which c annot bo 
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dissolved unless de'oolymerized viith acids.    The  greater 

degree of  similarity of 3I>76 to other types of rubber, 

and the better results obtained vith it,  probably make 

the most recent portion of the contractual vork of greater 

value  than that carried  out  on the   cross-linked 32-79 

v/hich appears to be superseded by the non-cross-linked 

types. 



ASSIfifSEEXS 

1. Conduct a series  of fundamental  studies on the re- 

inforcement  of rubber by the treatment  of  currently 

available  rubber carbon blacks and  other reinf orcing 

pigments  to make  them compatible with  silicone-type 

polymers, 

2. The  selection and development  of  a catalytic con- 

densing composition thrt will work  on the  pigment- 

reinforc.d  system referred to  in (1)  above. 

3. Modification of the fundamental  characteristics  of 

the present polymer so as to produce  greater chain 

length and the modified cross-linkages necessary 

for  greater strength. 

Taken from Modification "C"  of Contract  0/M-10<;-qm-6lf, 

dated October ht 1950 

h. Pursue ne1.' developments on the liquefaction of sili- 

cone rubbers by the use of anhydrous acids and their 

rcpolymerisation after adding fillers. 

5. Obtain improved  polymers  of silicone, particularly 

by the utilization of the hydrolysis   of the alkyl- 

chlorosilanes with a combination of vater and  al- 

cohols of various types, 

6. Study neu methods of cross-linking to produce 

better  silicone  polymers. 



8. 

7. Continue the study, development and test of methods 

to improve the reinforcement of silioone rubber and 

the polymer itself to obtain desired low-temperature 

characteristics. 

Taken from Modification "E" of Contract DAMt-K^-qm^, 

dated September 21, 1951 

8. Study extensively methods of silicone vulcanization, 

including types of vulcanizing agents. Vulcanizing 

agents other tho.n Fb02 should be investigated, 

9. Investigate, in detail, surface effects of pigments, 

with particular emphasis on pH relation to physical 

properties. 

10. Introduce reactive groups at high temperatures in 

air and in the presence of chemical oxidizers such 

as chrorutes, permanganates, etc. 

11, Follow any practical and special applications which 

show promise, growing out of the contract, at least 

to the point of proving whether the/ are of value 

or not. 
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CONTRACT U';M-10?-qm-?l6l 

Reinforcement of ,SE-79| 

The program which *»as followed under the above con- 

tract has been £iv n on page 3  of the Introduction of 

this report.    As pointed  out  there, approximately seventy- 

five different pigments v-evc tried as reinforcing agents 

for the only silicono rubber commercially available  at 

that tine, knorm as General Electric 'jilicone Rubber 

9979G,    This  is  :iow called S:>79. 

When 53-79 is received, it is a crumbly, facticelike 

material.    It is evidently partially  cross-linked,  which 

accounts for its crumbly nature.    '32-79 is a polymer of 

dimethyldichloroailana which is  first hydrolyzod  to produce 

the silanol which immediately condenses to form linear 

or cyclic liquid polymers.    Under the  influence  of catalysts, 

these liquid polymers are then condensed further to form 

the rubber.    Traces of the monomethyltrichlorosilane,  if 

present,  tend to result in three-dimensional or  cross- 

linked polymers, and  traces of  trimethylmonochlorogilano, 

if present, function as chain stoppers.    r;y varying the 

amounts of  these mono- and  trl-functional ingredients, 

the characteristics of the dimethyl silicons rubber may 

be varied.    In the ease of JU-79,  it  is understood  that 

the  catalyst  used is hydrated ferric chloride, and  the 

polymer contains   (".raoes of  irr<n. 
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V/hen pieced on the mill, SE-79 smooths   out  in 

approximately the same manner as factice.    If benzoyl 

peroxide  is added and  the  compound  cured,  it assumes the 

form of the mold,  but it   is  found  that physical  tests 

are very  low—approximately 10 p.s.i.  tensile  strength 

and  100 percent elongation.    Silicone rubber is an extreme 

example  of  a synthetic rubber which requires  reinforcement. 

The basic recipe  established at this  time consisted 

of  100 parts of  General Electric Silicone  Gum 3E-79 and 

two parts  of Luperco   .3   (95;^ benzoyl peroxide coated with 

stcaric acid).    It had also been decided that  25 parts of 

filler by volume v;aa a desirable  standard loading to be 

tried first with all fillers.    In some  of the earliest 

work,  one  part of  lead  oxide was  included as a  curing  aid. 

This was  soon discontinued on the advice of General 

Electric chemists,   since  it apparently  served no useful 

purpose. 

The mixing  procedure "as as follovo: 

Twenty-five grams   of rubber was placed on cold , 

tightly set rolls  of a 6" x 12" Thropp laboratory mill. 

The front  roll rotated  at the rate of 16 r.p.m.  and the 

back roll at  23 r.p.m.     (With the start of  compounding 

of SE-76 in 1951,  roll speeds were increased to 36 and M+ 

r.p.m.)    As soon as the rubber had smoothed out  on the 

rolls,  the filler -as added gradually until it was  all 
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incorporated and  then the benzoyl peroxide was added. 

This  tight milling or refining was then continued until 

a small hall of  stock could be formed in the fingers 

without  showing laminations. 

Compounds were next cured  in a press at 220 F, for 

15 minutes,  the  mold  being cold when placed in the press 

and cooled to room temperature before removal.    An oven 

curing cycle starting at room temperature and reaching 

H-10°F. at the end  of h2 hours was adopted.    A gradually 

rising temperature tends  to  eliminate blowing or blister- 

ing which may occur  if the  temperature is raised too 

rapidly,  especially in the presence of  low-molccular-wcight 

rubber or  silicone  oils   or  in the pre.-encc of high percen- 

tages of benzoyl peroxide.    It  is common practice in the 

industry  to raise oven curing temperatures  slowly if the 

part being cured  lias a thickness of more than approximately 

1/8 inch. 

A recipe  consisting of   100 parts of   jE-79  gum,  75 

parts of titanium dioxide and 100 parts of  Celite  505 plus 

2 percent benzoyl oeroxidc gave the following tosts on 

three successive batches. 

Tensile Elonj*aJ;ji_qn Hardness 

tf86 
h75 
>+50 

100 
100 
87.5 

70 
67 
68 
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In the final report on the   first  contract, data were 

reported on some  thirty fillers which had been tried in 

S"-79 rubber.    T'.ble  I gives the name  of the pigment,  its 

manufacturer and physical data supplied by the manufacturer 

of the pigment.    A wide variety of pigments was  included. 

Table II  shows the results obtained with these pigments 

at a volume  loading of 25 volumes of pigment  per hundred 

of rubber.    One of   the smallest particle  size fillers 

tried at this time "as Alon,  and   it was found that  tensile 

strengths  as high an ^00 p.s.i. and an elongation of 212 

percent could be  obtained with  this material.    Alon, about 

which more will be  said  later in the report,  "as definitely 

an experimental product of  the  G. h.  C:\bot Company and 

was at that  time, and  still is,  very   expensive.     A more 

common and  economical material,  Cclitc  1505, also appeared 

of int-.^cst.    It is a much coarser product  than Alon and 

is a ground,  calcined, diatomaceous earth.    It  is widely 

used in silicone rubber compounding,  probably because it 

can be used in large quantities without creating excessive 

hardness.    Part  of  its value undoubtedly lies in the  fact 

that it is  porous  and  forms a good mechanical bond   "ith 

the rubber. 

It is of interest to note that a very fine carbon 

black, Micronex W6, gave results which were definitel;' 

inferior to those obtained with Alon. 

'• »• '• »- - 



TAB LA II.3; 

STUDIES OF PIGIPJNTS. ,. M-ATPJSEQU A-T- XW.-\P.LS L.Q.AP.i;iG 

I 

Volumes height 
Pigment Pigment 

Compound [ Per 100 Per 100 Hard- Ten- Slonga- 
Pigment Nupiber Vol. Gum !iU Gum ness sile tion __ 

Celite 1165 10 23 25 63 150 
505 1166 20 h7 8 81 137* 

1624 1072 25 57 289 
25 57 50 293 125 
25 57 £7 267 137| 
25 57 lf6 250 137* 
25 57 1*0 158 125 

1167 2o° 69 35 169 150 
1168 93 1+.5 205 112$ 
1196 ^3 100 57 h05 100 
1070 65 150 78 505 75 
1169 65 150 69 550 75 

A Ion 120V 2.6 10. h 21 25 200 
1205 k-.o 15.6 25 26 175 
1206 5.3 21. 0 28 hG 175 
1160 10.0 39. 2 30 112 200 
1161 20.0 70. 5 5? 228 162£ 
1121 25.0 97. 5 50 3O0 300 
1195 25.0 97. 5 6M- 397 212 
1162 25.0 97. 5 60 2h5 137* 
1195 25.5 100 No Cure - — 
1162 30.0 

MO.O 
117 87 332 50 

1163 157 No Cure 
Dicalite 1090 P 61 1*0 L33 150 
PS 1057 hi 100 59 100 

1171 61 150 69 ?91 72* 
Hi-Sil 1172 10 21. U 2»h 58 275 

1173 20 h2. 3 Mf 150 
1073 25 53. 5 62 21+0 125 

25 53. 5 62 193 H2£ 
25 

64. 
5 ?•• 102 100 

117^ 
$ 

? 61 lh5 75 
1175 Clef 

t-'y . 6 No Cure — 
Silica 1071 25 67 37 105 162* 
12^0 25 67 37 93 150 

25 67 32 89 175 
1170 56 150 50 216 100 

AZO-ZZZ-55 1061 16. h 100 32 Ihk 225 
1101 25 152 38 151 187* 2? 152 39 88 125 

Proton: 1062 16.7 100 2G 1&* 512* 
x:;-l66 1102 25 151 37 126 212 

25 151 32 95 287£ 

I 

J 
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Some of the fillers which gave the  highest results 

in Table  II were  compounded further at severe! volume 

loadings  (Table  III).    In this way,  it uns found that 

Celite,  for example,   could be used to  obtain 5$0 p.s.i. 

tensile  strength at a volume  loading  of 65.    Except for 

Alon, as mentioned above,  none of the  other fillers ap- 

peared  to be as  useful as  Celite  505. 

Modification of  Surface, .of Fillers 

Investigation of the  nature of  the  particle  surface 

was  thu next part of the program that - as studied.    It 

v.'as suggested by Mr,  Peter King  of the  Naval Research 

Laboratories that "e do a thorough job  of heat-cleaning 

the  surface of  some  of  the pigments in order to rc;:iove 

volatile  or  adsorbed gases from the   surface of the  filler. 

In order to do  this,  arrangements were made to heat and 

apply vacuum to the fillers.     The various treatments used 

are listed below, 

1. Keating to lrOO°C.  in air 

2. Heating to  1000°C.  at.oOOl mm.  pressure 

3. Heating to ^OC^C,  allowing  to  cool in air, 

then admitting dimcthyldichlorosilane vapor, 

followed by admitting vater vapor to form a 

silicone  coating 

k.    Heating to 1000°C. and  coating,  as above 

5.    Heating to ^00°C,  followed by coating vith a 

silicone  oil 

VE^"""^ 
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6. Heating to ^OC^c.  and coating v;ith another 

silicone oil 

7. Applying bcnsoyl peroxide, dissolved in benzene, 

to Tiller 

With treatments  (1)   and   (2),  it was hoped to remove 

tightly held v/atcr or other foreign substances from the 

pigment  surface.    Treatments  (3) and   (h)  v/ere designed 

to deposit a silo::ane  coating  on the filler.    This '.>as 

done by causing  the  hydrolysis   of dinotlr.-ldicblorccilane 

to occur on the surface of  the  filler.    Treatments  (5) 

and   (6) vcre carried out  to coat the  out-massed fillers 

v/ith tv/o different  silicone  oils.    Work reported later 

in this report  shov/s that  the addition of silicone oils 

to ths  surface of  porous  fillers does have an effect on 

the physical tests  obtained.    Such uas not tha caue  in 

this early work.    Treatment   (7) was designed to promote 

a tighter  (cured)  bond at the  pigment-rubber interface. 

Significant  improvement  in tensile  strength resulting 

from out-gassing or  from out-gassing plus  addition of 

coatings did not  rosult from this vork.    The fillers that 

were treated \;ere Micronex U6,  Silica 1P.W0,  Celitc 505 

and Ili-Sil.    These data are not reproduced here but may 

be found  in the Final Progress Report on Contract 1/M+-109- 

qm-2161, dated March 1,  1950. 
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CONTRACT DA^-109-gm-6*+ 

Reinforcement _of SE-2£ 

The testing of a wide variety of fillers corunonly 

used  in the rubber industry was  continued under  the  new 

contract,  and by the and  of  1950 some fifty-five potential 

reinforcinn agents had been  tried.    Table IV,  taken from 

p. paper entitled,  "Reinforcement of oiliconc Rubber", by 

Glimc,  Duke and  Docde,  summarizes all of  this work. 

Some work was done  at this  tine   in i/hich mixtures  of 

fillers were tried in t he  hope  tl   t  one  fj llcr which pro- 

vided high tensile might  be cor nined with one  which impar- 

ted high  elongation,  to  five a  high elongation-high tensile 

result.    This was not found  to be the   case. 

Through thv   cooperation of Yale  University Medical 

School,  an RCA Model, I21U electron microscope was made 

available, and  electron micrographs were taken of twenty- 

four of  the fillers used in the program.    These* photomicro- 

graphs arc reproduced on the following pages. 

Before  concluding this portio-. of  the  work,   the  method 

of mixing ••as reviewed.    It '/as  o'.)scjrv:e   that the more 

strongly   reinforcing pigments,   such as  Alon,    tend to 

£ dry up the  batch on the mill.    If such  dry batches'are 

given only a limited milling,   they will tend  to be "short", 

and low elongation, tensile and  hardness results will be 
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obtained. Hence, it is necessary to mill siliconc com- 

pounds until they arc definitely plastic. Trhcn this 

is done, the maximum physical properties are obtained. 

As far as could be observed, prolonged milling has no 

detrimental effect. 

Under optimum conditions of Milling, "Ion and Celite 

505 could ho made to pivc tensile strengths of 'fOO p.s.i, 

vith elongations of 100 to 200 percent at 25-volumc 

loadings, Hcivier loadings pushed 'ensiles to 500 0^ 

600 p.s,i,, but as far as ,71-79  polymer was concerned, 

this appeared to L... the limit that could \c  obtained by 

conventional mixing procedures vith the fillo.'s and 

cu.rr.tiv :s that arc available, 

Electrostatic Contact Potential Theory of. Be infer cement 

Thsro is a theory of r; • nf or com. nt called the Elec- 

trostatic Contact Potential Theory of Reinforcement, 

Considerable t»ork has been done on this theory b Dr. 

R. S. Uavcnhill of the St. Jos nh Lead Company. To test 

the theory in siliconc rubber, nine samples containing 

various pigments v/c x compounded and submitted to Dr. 

Havcnhill for measurement of the contact potential. 

The data obtained shouod that there •'.'as some decree of 

correlation between tensile strength and contact poten- 

tial. Because it is felt that this "ork night profitably 

\:Q  continued, the entire section from Hcpo.-t TJo. 6 on this 

<W»»j" m* •~ •• 
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subject  is  reproduced below.    At this tine,  there was a 

change from S^-79 polymer to  3E-76 polymer, and, as will 

appear in the  following pages,  improved physical tests 

were forthcoming  immediately.    Continuation, of  the '.;ork 

with Dr.  Havcnhill was  therefore postponed,   -.s preference 

was Givcn to  other aspects of the  program.     It is quite 

possible  that further work with  the   contact potential 

theory,  as applied to the reinforcement  of  silicone rubber, 

might  provide an explanation of  souc  of  the  improved re- 

inforcement  that  has been obtained. 

A •    Qpntagt Potential Theory 

"It has  long  been known that rubber is  electronegative 

relative to most  substances,  including  f.ie  pijmcnts com- 

monly used as  reinforcing fillers.     This siiggc:;ts that 

there may be an electrostatic force of attraction between 

the  gum anc  pigment particles in a rubber compound which 

is  important in the reinforcing action of  the  pigment. 

Dr. Havcnhill and his  associates at the r>t.   Joseph Lead 

Company have made a detailed study of  the  electrostatic 

properties of  hydrocarbon rubbers and have found pro- 

vocative results to support an  "Electrostatic Contact 

Potential Theory  of Reinforcement."  2,3,4- 

2, Havcnhill,  b.3.,   O'Brien,   H.C.,  and ?.ankin,  J.J., 
Journal of Applied Physics, l£, 731, (llM). 

3. Havnnhill, R.'i., O'Brien, II.C, and Rankin. J.J., 
Journal of Applied Physics, 1£, 338 (l^). 

h,    Havcnhill, ri.J., Carlson, L.2*., and nankin, J.J., 
Rubber Chemistry & Technology, 22, 4-77 (19^9). 
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"If any two dissimilar substances are pressed together 

and then released, in general a positive (/) charge will 

appear on one and a negative (-) charge on the other*  For 

example, rubber is electronegative relative to carbon black 

and will acquire a negative charge when separated from carbon. 

Havenhill, therefore, reasons that the positive carbon black 

should be attached to the negative rubber in a rubber compound. 

The positive carbon black will "neutralize" the negative 

rubber to produce a less negative (mora positive) rubber 

compound, and thus the compounded rubber will become less 

negative as the reinforcement improves.  Presumably, the 

most positive pigments should provide the best reinforcement. 

Unfortunately, Dr. Havenhill has been unable to develop a 

reproducible and reliable method of measuring the position 

of pigments in the eleotro3tatic series, but hu has developed 

a good method of determining the "electronegativity" of 

cured rubber compounds by measuring what he calls the 

"contact potential" of the rubber.  (This term is not to be 

oonfused with "contact potential" a3 used in the physics 

of metals.) 

B»  Contact Potential Apparatus 

"This apparatus consists of a mirror-surfaced steel 

plunger which can be put into contact with a cured rubber 

sheet and then separated from it in a reproducible way. 

The plunger, on separation, is positively charged and the 

rubber negatively charged, A  special electron device 
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measureB the  charge on the  steel plate in terms  of a 

voltage read on an output  meter.    This voltage  is termed 

the  "contact potential"  of  the rubber,   since it  is pro- 

portional to the difference in potential between the 

plunger and the rubber on break of contact.    A  large  con- 

tact potential represents a  very  negative rubber,  and, 

according to Ravcnhill's theory, a poorly reinforced one. 

A small  contact potential,  conversely,   represents  a less 

negative   compound, and,  presumably,  a better reinforced 

rubber, 
c•    Results  on .Hjydro.carbpn Rubber 

"Tensile  strength is related to  contact potential in 

natural rubber and GR-S   '   .    These results suggested that 

further  study of Dr.  Havcnhlll•a    ideas might be fruitful 

and that their  application to silicone rubber reinforce- 

ment night  indeed be v/orth investigation. 
D•    Results  on SJLlieono Rubber 

"Dr.  Havcnhill offered to  cooperate with The  Connec- 

ticut Hard Rubber  Company in a contact potential study 

of silicone  rubber compounds.    Cured sheets of  silicone 

rubber containing a variety  of  compounds were prepared 

at The  Connecticut Hard Rubber  Company and sent to the 

St.  Joseph Lead Company for  electrostatic  investigation,- 

The results of  these measurements are tabulated in Table  V. 

"The   pinner  9T>pn-rr!tu°   eontact potential   i .Q given 

waRPW—"? 
- 
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for each sheet as well as the "order by sheet separation," 

The latter quantity was determined by measuring the sign 

of the charge on each of two rubber sheets, after first 

contacting and then separating the sheets, A scries of 

such measurements allows the sheets to be arranged in an 

electrostatic series v.ith the more negative (-) ones 

having the higher numbers. 

E • S&AS2 is si on of R c suits 

"It is avidont from the data that there is a general 

correlation between contact potential and tonsil? strength, 

similar to that "Tound for hydrocarbon rubbers. The 

difference in tensile strength results obtained by the 

St. Joseph Lead Company and The Connecticut HarC Rubber 

Company, as well as discrepancies between contact poten- 

tial and tensile results, are quite possibly duo in part 

to poor dispersion and lack of uniformity of samples* 

Tests are no-.: in progress en the improved stocks obtained 

by dispersing the pigment in the depolymcrized gum. 

"These result.: suggest the use of highly positive 

pigments as the t:st reinforcing fillers," 

Wet tin/; Agents 

Where carbon black is a useful reinforcing agent 

for carbon-chain elastomers, the use of stearic acid is 

virtually essential to bring it to full effectiveness. 

A popular theory of the mechanism involved is that the 

«•»<••" iMiwr^BWWBSP'MMgww 
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carboxyl groups  of  the fatty acid arc strongly adsorbed 

by the  carbon black while the   long  carbon chains   of the 

acid arc  firmly  imbedded in the  hydrocarbon polymer. 

Dr.  C. A. Walker had  suggested early in the '.;ork    the 

possible value  of making a stearic acid analogue for sil- 

icone,    An intermediate molecular weight  silicone  end- 

ing  in a car boxy 1 group night well be expected to  improve 

the  effectiveness of  carbon black  as a strengthening agent 

in silicone  stocks. 

For  silica fillers,   the  normally present  hydroxyl 

end groups are probably a fortunate circumstance,  providing 

the best possible   "link of attachment". 

The uldc variation in ca:(:  of  incorporation of various 

fillers  indicated  corresponding variations  in wet Lability. 

The relative  case  of  incorporating  large amounts  of Silica 

12^0 and many of  the  diatomaceous earths  to give fluid, 

well mixed  batches  has alvays  suggested  the possibility 

of natural • etting agents  being  present. 

All of the work en hcat-clcaning and uurf:\ec modifi- 

cation would be expected to uncover  leads in this direction 

but  it did not.    The  ensuing v>ork to prepare and  try a 

stearic acid analogue and  several "stabs in the dark" for 

wetting agents did not uncover any obvious and  profound 

wetting   .ff.ct but the results  in some  cases have  never- 

theless  been useful. 

•JLP'.   •_ *•£•'! '} 
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The same four pigments which v/ere used in the  out- 

gassing experiments  (page 13) v/ere again used as fillers, 

together with two per cent by weight  (baaed on the rubber) 

of the following wetting agents:    caprylic acid, decanol-1, 

dodccyl ether, dodccylthioestcr, dccyl racrcaptan and Na- 

dodecyl sulfonate.    No improvements  in physical tests were 

observed.    The  only effect was a slight plastic izi:ig action 

in some  cases. 

A first attempt at a stcaric acid analogue was p- 

trimcthylsilylbenzolc  acid which was synthesized in the 

laboratory and  tried in concentrations up to three percent 

(based on the rubber)   in a Celite  505 and  in a Cclite 505- 

titanium dlo:;ide recipe.    Although the  pigments were in- 

corporated somewhat more easily, there '..as scarcely any 

effect on the physical tests. 

Another, more empirical    attempt to produce a  stcaric 

acid analogue  involved hydrolyzing dimcthyldichlorosilane 

in the presence of glycolic acid, with the  hope  that the 

glycolic acid would condense into the silicone  cliain,  thus 

producing such a chain with a -OCH2COOH end group.    A 

description of  the reactions carried  out in  given in de- 

tail in Report JTo. 6.    A typical one consisted in reacting 

dimcthyldichlorosilane- (one mole) with water and glycolic 

acid (0.1 mole).    The resulting  oil was condensed to form 

a gum by heating with potassium hydroxide.    All of the 

«•'»•*•*».' "H* 
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various  oils and  gums that were produced were then tested 

in the 3E-79 tost recipe  containing Cclite  505,  25 volumes, 

and bcnzoyl peroxide,  two percent.    The  products formed 

were, for the most  part,  tester1 in one   or  tuo percent 

quantities based on the gum.    In tuo cases, as much as 25 

parts of  the wetting agent wore used.    The  data obtained 

are  Shown in Table VI facing this  page.    This table is 

reproduced principally to demonstrate how gums  or siloxanc 

oils may be formed from dimcthyldichlorosilane   in the 

presence of other  substances.    It i3 apparent nou that  the 

materials should  have been tested in larger proportions, 

possibly without 3D-79*    In this way, ncv; types of rubber 

would  have been tested!.    As vetting agents,  none of the 

products tested appeared to  have  value. 

Vulcanizing J&cjrtg 

Parallel to the  study of rcjnforcing agents, a study 

was made of vulcanizing agents for 3E-79 rubber.    Benzoyl 

peroxide   >as at that  tine the  only recommended curing agent. 

It was found that there • as no benefit to be. derived from 

increasing the  concentration of  bcnzoyl peroxide above 

two percent, based on the rubber.    This  result, which 

was found by direct physical testing,  was later  confirmed 

in some swelling studies whore the molecular weight 

between cross-links was measured directly. 

Other curing agents were tried,  including tertiary 

« 0—-»» 
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butyl pcrbcnzoatc, dltertir.ry  butyl peroxide, Hufcrt nickel, 

Raney nickel  (nickel on klcsclguhr—hydrogenation catalyst 

used commercially, made  by the Tlufert Chemical Co.),  and 

p-trimethylsllylbunzoic acid.   The   nickel hydrogenation 

catalysts ur.-e  tried because at higher ten x?raturcs they 

arc also d ".hydrogenatirig  catalysts.     If they behaved  in 

this viay by dehydrogenating the methyl groups,  cross-link- 

ing would  result.    Except for Ranoy nickel, all of these 

products acted as vulcanizing agents but all were inferior 

to bcnzoyl peroxide in development  of tensile   strength 

and elongation in the rubber. 

It uas known that  selenium dioxide  is an oxidizing 

agent  that possesses the pouer to  oxidize selectively 

the terminal methyl g roups  of  organic compounds.    It v;as 

hoped that  it von Id  oxidize  the side-chain methyl groups 

of the  silicone rubber.     It van found  that  selenium dioxide 

in a concentration of  tvo percent   (based on the  rubber) 

and in the presence of   25 voluncs  of  Cclitc 505 would 

serve as a vulcanizing agent,  r -suiting   in a tensile  strength 

of 18^- p.s.i., an elongation of  175 percent and a  hardness 

of *+2,    Further proof  of the action of selenium dioxide 

was obtained by reacting  it  vith a  liquid  silicone,  hcxa- 

mcthyldisiloxanc, at 250°C.  for five hours.    The  oily 

product, when fractionated and examined by infrared 

spectroscooy, showed that vulcanization had  occurred by 
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reaction of the selenium dioxide with the methyl side- 

chains  of the  siloxano.    Since selenium dioxide was  less 

effective than bcnzoyl peroxide,  the work was not  carried 

further. 

pep.qlymprlzation _qf_ Siliconc Rubber 

\Jith a view to producing finely divided pigments  in 

situ,  the  thought  occurred that possibly titanium tctra- 

chloridc or silicon tctrachloridc might be nisoiblo v/ith 

silicone rubber and that if  this were the   case they  could 

be hydrolyzcd so as to form titanium dioxide and silica 

in a finely divided state in intimate contact with  the 

rubber.    In starting to make such mixtures  of  3">79 sum 

\/ith the titanium tctrachloridc,   it was found that  10 

to 20 parts of  gum could be  liquefied by one  part  of titan* 

ium tctrachloridc and it was obvious  that a powerful and 

rapid dcpolyncrlzation was taking place. 

These mixtures of dcpolyncrizcd rubber and pigments 

formed in situ could  have been worked up into  siliconc 

compounds in the  light  of  later ^ork.    Instead,  attention 

was first turned to the liquefying reaction which changes 

the 33-79 gum to a liquid product.    It was found that 

dry  hydrogen chloride gas passed into a flask containing 

the  shredded rubber would soften it gradually until it 

bocamo a viscous liquid.    The more gas used,   the   thinner 

the  liquid, which generally was carried to a  honcylikc 
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Plato 5 

Electron Micrograph  of Zinc  Oxide 
in Silicone  Rubber 

Magnification 80,000 X 

Compound No.llf79 

i 

Composition 

Dopolymerized Silicone Gun    100*00 
AZO-ZLZ-66 Zinc  Oxide 1.52.00 
Benzoyl  Poroxido 7»80 

Compounding 

! 

I 

I 
: 

I 

The HC1  depolymerized silicone gum was 
diluted in CC1,   and mixed with the pigment I 
in a tfarir:g BleTidor.     After  ropolymerizing 
the mixture by heating,   the  benzoyl peroxide 
was added on the mill. 
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ELECTRON  MICROGRAPH OF ZINC OXIDE PIGMENT IN SILICONE RUBBER 

80,000 X 
PLATE 5 
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Plr.tc 6 

Electron Micrograph of Alon 
in Silicone Ilubbcr. 

Magnification 80,000 X 

Compound No. lli77 

Coj^os^ition 

Dcpolyr.icrizcd Siliconc Oun 100,00 
Alon 98.00 
Bonzoyl peroxide ?,00 

.Q.°J''Ul°IIrld.i.1l£ 

The HC1 dcpolyncrizcd siliconc  gum './as mixed with 
the pigment  in o. Waring rlcndor.    After rcpolymerizing 
the i.iixtnrc,  the  bnnzoyl peroxide was  added  on the  mill. 
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ELECTRON MICROGRAPH OF ALON PIGMENT IN SILICONE RUBBER 

80,000 X 
PLATE 6 
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Plate  7 

Electron i-iicro^raph  of Hi-Sil 
in Silicons Rubber 

Magnification 23,0OC X 

Compound N0.li4.76 

25e 

Con-position 

Depolynerized oilicone Gun 100»OC 
Hi-Sil 53*50 
Benzoyl  Peroxide 2.20 

Compounding 

The HC1 depolymerized silicone gun wa3 mixed with 
the pi ment in a Waring Blendor. After repolymej'izing 
the mixture, the benxoyl peroxide was addod on the mill. 

u 



ELECTRON  MICROGRAPH OF HI-SIL PIGMENT IN SILICONE RUBBER 

23.000 X 

PLATE  7 
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consistency. 

It was  found  that the liquid rubber could  be trans- 

formed back to solid rubber  sir.'ply by allowing the dissolved 

acid to escape,  cither by heating or b:  allowing  it  to 

stand  in air.    The  liquid rubber , as soluble  in most 

organic solvents, which was not true  of  the c ross-linUed 

parent gun.    The  liquefied  -.12-79 rubber was put to several 

uses  which Will be discussed in di.tr.il below.    These 

included:    a)   compounding the  liquid rubber vith  fillers, 

using carbon tctrachloridc to dissolve the rubber;  b)  re- 

actions of  the liquid rubber vith amrionia,   glycerine, 

maleic anhydride and propylcnc  oo:idcj  c)  chlorination of 

the  sjde-chaias   of  the  liquid  rubber in solution; d)  fur- 

ther reaction of  the  liquid rubber vith acetic anhydride; 

and a)  analysis  of  the liquefied rubber to determine 

its  nature, 

forpcriracnts were also conducted with titanium 

tctrachloridc and  vulcanized  siliconc   scran rubber to 

develop a reclaiming process. 

Reinforcement  of. I^iguid Jobber 

It wa3 found that •;!;cn the  liquid  rubber was dissolved 

in a solvent such as  carbon  tctrachloridc and placed in 

a small, high-speed   faring 31cndor  or  other laboratory 

mixer,  pigments  coule'  bo disperse'" by adding  then slowly 

in the mixer vith rapid  stirring,    actually,  the pigment 
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was usually dispersed in carbon tetrachloridc,  and the 

liquid rubber was added last.    The resulting thin paste 

was  dried to remove the carbon tetrachloridc and,  inci- 

dentally,  to rcpolymcrizc the rubber.    The  dried compound 

was  then placed on a mill,  dispersion was  completed and 

benzoyl peroxide added.    This  experiment was carried out 

several times vith Cclite 505, Ki-Gil,  Cclitc   iupcrfloss 

and other pigments.    Figure I and Table  VII show the 

improvement   in tensile  strength and  hardness which rcsultcd 

in the case  or Cclitc  JO1? when it was  compounded in 

this way in liquefied ciliconc rubber in the '.faring Blcn- 

dor.    The  increase in tensile strength, amounted to as 

much as seventy-five percent.    The only  explanation that 

has been offered for the gain is  that improved dispersion 

and vetting of the pigment  occur when the fixture is 

made in this manner. 

Three  electron micrographs  shoving Hi-Sil,  zinc oxide 

and Alon dispersed  in liquid  siliconc rubber arc shown 

in Flatc !Tos.  3, *+ and 5.    Except where the micrographs 

show the presence of  aggregates,   it will be noted that 

the dispersion is good, 

ftmmonia-Stabilised Liquid, .3111 cone Rubber 

It v/as  pointed out  above that the  liquid  silicone 

rubber would revert to a solid  gum if the hydrogen chloride 

gas were removed by heating or  long  standing.    When the 

•iimum* i—~ -   -   



r 
r 
r 

i" 

! 

n 
! 

r 
r 
ii 

D 

' 

\ 

H i 

20. 

excess acid was  neutralized by the   introduction of ammonia 

gas  or  ammonium hydroxide,  the  liquid rubber did not 

return to  its solid form.    Instead,  it became a relatively 

stable,  liquefied  siliconc rubber which could be  heated 

Moderately \/ithout change.    The  addition  of acids to  the 

ammonia-stabilized liquid  gun caused a solid rubber to 

b<. regenerated,    :/hcn the aur.onia-stabilizcd liquid was 

heated for  one  hour  at 300°?.,  it  r^polymerized partially 

to form a r;ticky solid which had some adhesive qualities. 

The  ammonia-stabilized  liquid gum had the  sane,  properties 

as did  the acid  liquid gun in that  it  could be cor:..mounded 

with fillers  in carbon -oetrachloridc solution in the War- 

ing Blend or  to yield wcll-rcinf arced compounds.    The 

ammonia-stabilized product uas used as a rv:acta;-.t in the 

same way as the acid   gum in further r ork. 

One  sample  of the annonia-stabilized liquid gum was 

carefully • ~.shud to remove all traces of acid, ammonia 

or ammonium chloride and then was analyzed.    The analysis 

indicated a formula as follows: 

Siit^ C88 H261* °36^NH)8 

A molecular weight determination on this  product by 

a freezing-point-lowering determination in benzene  showed 

a molecular weight  of  3206,  which corresponds  to the 

above empirical formula.    These results  indicate  that 

thr   liquid  imr1 on j a-stabilized siloxrne  consists ni   cither 
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linear  silaxanea of medium length or cyclic siloxanes. 

The  product is undoubtedly a mixture of such polymers. 

It is very likely that the cyclic polymers predominate, 

thus accounting for the stability of  the ammonia-stabilized 

liquid product. 

Chlcylflation .o_f_ J±iauid SJLJLicons. Rubber 

This phase of the work was undertaken to introduce 

polar groups into the silicons molecule.    It was recognized 

that the   lack of polar groups  en the  silicone  chain is 

responsible to a lar.vje decree for its good  lov-temperature 

properties, but  it was thought that the  introduction 

of a few such polar groups might in some way increase the 

forces between rubber molecules or  between rubber a:xl 

pigment  so as to  increase tensile  strength. 

The  liquefied silicone  rubber offered a method  of 

reacting  chlorine with t.ie rubber,  since it could be dis- 

solved in a solvent through which chlorine  could be passed, 

A large number of chlorination experiments were  carried 

out with thijf  liquid S" -79.    Chlorine was passed into 

the solution until the  rubber  showed the presence of a 

maximum of  one  chlorine  atom for every four silicon atoms. 

It was found that the polar  chlorine atoms were respon- 

sible for  an increase in tensile  strength from approxi- 

mately 200 p.s.i. to 600 p.o.l.    Meanwhile, the elonga- 

tion dropped from approximately 12? percent to approxi- 
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mately 50 percent, and  hardness  increased from 50 to 90. 

Not all of the qualities of the   chlorinate''  silicone 

rubber -were favorable,  however,  because  it was found that 

at the  higher oven temperatures  (300-Li-00oF.)  the chlori- 

nated  samples became hard and  brittle and  there was an 

odor of chlorine around the  oven.    This  indicates  that 

the  chlorinated methyl  grouos are not   stable  at these 

temperatures• 

A further study was made of the  chlorination of GE 

9979-S rubber.    3welling  tests were carried out  in A.S.T.M, 

Oil No. 3 to see  if  the chlorinated  samples  had improved 

oil-rosistance.    It was found that the chlorinated samples 

swelled slightly mor.-. than unchlorinated silicone rubber 

in A.S.T.M. Oil No. 3.    This was not understood  at the 

time,  but  later work on the mechanism of  swelling  of 

silicone rubber,  carried out by Mr. R.  L. IZauser,  demon- 

strated that swelling is dependent primarily on the 

cohesive energy density  of the swelling liquids and of 

the rubber itself.    Although the  substitution of   chlorine 

in the silicone molecule  may be expected to raise the 

cohesive energy density,  it is apparent  that the   cohesive 

energy density of A.S.T.M.  Cil No.  3  is  so close to  that 

of the chlorinated rubber that considerable svelling 

occurs. 

Attempts were made to cure the  chlorinated rubber 



F 

r 

11" 

1 

11 
• 0 1 

0 
0 

! o 

: 

ft ! 

V - 

31. 

with zinc oxide, magnesium oxide and  litharge.    Cures 

Mere obtained but the tensile   strengths were  inferior to 

those obtained with benzoyl peroxide, and this  avenue 

was not pursued further. 

It was demonstrated and reported herein that the 

SE-76 rubber could be easily  chlorinated.    The   chlorinated 

SE-76 rubber   showed  improved  tensile   strength,   lower 

elongation and higher hardness than had been observed 

with 3H-79.    This method of modifying silicone rubber in 

order to improve its strength was abandoned at this  time 

and later resumed under another government contractr NOas 

51-766-c.    Study under  the  latter contract has revealed 

that  chlorinated silicone rubber is  definitely more resis- 

tant to aromatic fuel than the unchlorinated rubber. 

There is a good probability that chlorinated silicone 

rubber will have some  practical application, 

Reaction of Liquid Silicone Rubber, with. i-UXcerp.l* Propy- 

lene  Oxide, Maleic Anhyjdride,: 

The reactions discussed here were actually a con- 

tinuation of the attempt  to prepare a stearic acid ana- 

logue mentioned  earlier, but the work was also pursued 

with the thought that some  of these modifications might 

improve the inherent  strength or change the behavior  of 

the rubber toward reinforcing  agents. 

The most interesting was a reaction product of the 
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liquefied gum with glycerol. The two materials were 

heated together, at a gradually rising teniDero.ture, up 

to 130°C., at vhich point all of the acid fumes had been 

evolved. This mixture would solidify upon cooling to 

form a repolymerized product containing approximately 

ten percent glycerol. If the reaction were carried out 

in the presence of carbon tetrachloride as a solvent 

and also in the presence of a water layer, the final pro- 

duct was a viscous, colorless, stable liquid. It appears 

that sufficient glycerol reacts with the depolymerized 

rubber to replace chlorine end groups vith glycerol end 

groups, and that this permanently stabilizes the liquid 

rubber. This product vas called G-2 and as made later 

in considerable quantities for use in the production of 

diaphragms of silicone rubber. It was found that treat- 

ing the glass fabric of such diaphragms with G-2 before 

applying the silicone rubber greatly improved the flex 

life of the final product. 

Tests were carried out which revealed that as much 

as five percent of the G-2 product in the standard sili- 

cone test formula had a plasticizing action on the product, 

lowering tensile strength slightly, raising elongation 

and lowering hardness. It -.'as thought at this time that 

G-2 was a permanent liquid, but later tests showed that 

at a sufficiently high temperature it would harden and 

. - 
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form a rubbery gum on glass fibers. 

In the case of propylene  oxide,   it was  expected that 

this material would pic!- up free hydrogen  chloride to 

form  the   chlorhydrin which would   evaporate off, thus 

regenerating  the  5111?.    It was found that thin did  occur, 

and the resulting gum products were  tasted.    The  average 

product, produced in this work had a tensile   strength of 

*+00 p.s.i., an elongation of  17.) percent  and a hardness 

of  52, indicating that the  original properties of  the 

gum had been adequately restored. 

Maleic anhydride was  heated with depolymerlzed G3 

9979G gum for 30 to kO minutes  at 100°C.    Pale yellow 

gums resulted which, after   being washed to remove excess 

maleic acid, uerc compounded with 25 volumes of  Cclite 

505 and  two percent benzoyl peroxide in the usual way. 

Results  cf physical tests were not greatly different from 

those of the control,  indicating  that  although a small 

amount  of  maleic anhydride may have reacted with  the  de- 

polymerized rubber,  it  had no appreciable  effect on the 

nature of  the  rubber. 

Further  Jtud ies of Pepolymcr i zat ion and, PpjLzmex Modlflofition 

The above four  paragraphs describe reactions of  liquid 

siliconc rubber  with various   substances.    It was apparent 

that none of the products  of these reactions   contained 

very much of the reacting  substance.    .'Since reaction had 
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undoubtedly taken place,  it uas felt  that this  was due 

to a lack of sufficient end  croups on the liquid silicone 

rubber.    Determination of  chlorine in several samples 

of  liquid silicone rubber showed  chlorine  contents ranging 

from 0.3^ to O.98 percent.    Assuming  that there is  a 

chlorine  atom on half  of the end  groups,  the   calculated 

molecular weight  of  the depolymerized silicone rubber runs 

from 20,000 to 7,000.    Molecular "./eight determinations 

by the freezing point depression of benzene varied from 

2,000 to 1,100.    This   indicates that the hydrogen chloride 

transfers from one molecule to another, splitting the 

chain as  it  does so, and that sorie  of  the   chain ends 

join up to  form  cyclic, lou-mulocular-weicht polymers. 

The latter,  of course, vor.ld be ..-datively unreactive to 

agents  ouch as ammonia,   ^lycerol,  propylr-.r.o  o::ide and 

maleic anhydride.    Tor  this reason,  a thorough study  of 

polymer modification was undertaken.    The account  of this 

study  is  copied below from Report No.  9.    It was found 

that depolymerization should be  carried out in the presence 

of a substance such as an anhydride in addition to the 

acid catalyst in order to  prevent ring formation. 

"Three possible ways   in which the silicone  skeleton 

could  bc~ altered to  produce r.odif ied polymers  have been 

studied: 

(a)     Oxidation of   side chains 
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Oxidation of DGpolym_orti_z_cd _Gum 

Oxidant 
Run Slllcone Material Used React Ion .Time Tcmp.» Results 

1. 50g HCl dcpolym. Aqueous 
9979-G KMnOlh 

28.>+g 

2. lOOg HCl depolym. Aq KMnOk 
9979-0 28.^g 

3. 37.lg HCl dcpolym.20g CrO^ 
99.79-G in 12 ml 

HP0 &  32 
ml HCAc 

h. 

5. 

lOOg Hethanol-   50g 
stabilized oil.  Pb(OAcV 
(HCl gum reacted 
with MeOH) 

lOOg of 
Methanol- 
stabilized oil. 
(same as in Run 
0*0 . 

81.3g 
PbOo 

5.75  hrs. 

lv.25 hrs.at 
5.0 hrs. 

10 hrs. 

13 hrs. 

h  hr3. at 
7 hrs. at 

50-  Chlorine 
60°C. liberated. 

50-60° Chlorine 
100°  liberated. 

Only part 
of the oxidant 
used, 

112°  Only the 
first 5ml 

of oxidant re- 
acted,probably 
due to Cl. 

120-      All the 
l"+0°      Pb(OAc>K was 

consumed as 
shown by a neg, 
starch-iodide 
test, but no 
apparent vis- 
cosity increase 
occurred. 

I'f0°      No reaction. 
190-      Not even the 
210°      first 8.g 

of oxidant add- 
ed war. consumed 
(positive 
starch-iodide 
test) 

: 

] 

: 
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(b) More thorough depolymerlzation of silicone chains 

(o) Attempts to form a Grignard derivative through 

the chlorine-subatituted side chain 

"Items (a) and (c) were not studied extensively, 

while (b) was. As far as depolymerization is concerned, 

the groundwork his now been laid for a program wherein 

short silicone chains of average molecular weight of 

about 500 can be reacted with other difunctional chain- 

forming molecules to make Mixed polymers with properties 

quite different from those of the silicones themselves. 

Side Chain Oxidation 

"One point of attack in an attempt to modify the 

methyl siloxane polymer is the 3ide chain. Tnile there 

are numerous reports in the literature that air at high 

temperatures causes oxidation of siloccanes with replace- 

ment of the side chain by oxygen and consequent cross- 

linking, there is little vork reported in the literature 

on the effect of the usual chemical oxidants. It was 

noted in earlier work (Report Ho, 6) that selenium dioxide 

has a curing action, and hence various other oxidants 

were tried. 

"At first, reactions of depolymerizcd gun with aqueous 

oxidants were attempted. It was found that potassium 

permanganate and chromic anhydride have no effect other 

-arr 
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than the oxidation of end group chloride to chlorine. 

Two points then became apparent!  first,  if any oxidation 

wore  to succeed,  it would have to be  :.t a higher temper- 

ature than that of the aqueous  oxidants used;  and   second, 

the gum should  first be converted to an intermediate which 

would  be much more steble toward repolymcrization than 

the acid-dcpolymerizcd product. 

"The methanol-stabilized gum with end mcthoxyl 

groups  (Sec  page   39)   is such a  product.    Two  oxidants 

which promised  to be representative of  specific and non- 

specific oxidants arc  lead tctra-acetate and  lead  dioxide. 

The former reacted "ith the  methoxyl oil, but,  in the 

process, acetic ?.cid was formed.    This, together with 

impurities    of acetic .-.cid and acetic anhydride in the 

commercial lead tctra-acetate,  prevented a hi.gh-tr-nipcraturc 

oxidation (because of   their volatility) and liberated 

uethanol which  consumed t'.ie  oxidant.    The  lack of  increase 

in viscosit:   substantiates this view,    "/ith the  second 

oxidant  usad,  load dioxide, a hich reaction tenper-.ture 

was  obtainable   (190-210°C.).    However,  in this   case, 

no reaction had  taken place et the end  of  seven hours. 

The  conclusion drawn from this work is  that the   side  chain 

is  extremely resistant  to high-tempcrature,  dry oxidation 

as well as to attack by the common aqueous  oxidants. 

li 
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Pep olymerizat i on S.tudy 

"A second approach to polymer modification was that 

of extensive depolymerisation and   incorporation.    It nay 

borenorabcred that it vas stated in the Summary of Report 

Wo.  7  (see  page  32)  that the   failure to modify the  gum 

by reaction of various substances with the HC1 depolymer- 

ized cum might  be caused by a low number  of reactive  < nd 

grovps,  or,  in other "ords,  by an insufficient degree of 

depolymerization.    The  present   study was therefore started 

with two main objectives:     first, a more  effective means 

of depolymerization was to be found; and  second,  these 

highly dcpolymerizcd products were to be evaluated as 

intermediates for  the  incorporation of  hydroxyl and amino 

compounds.    For  the first  objective,  it was decided to 

use the freezing  point depression method  of  molecular weight 

determination as a yardstick. 

"The first method of depolymerization was the reaction 

of acetic anhydride with HCl-licucfied gum in the presence 

of an acid  catalyst,  such as ferric chloride       ("acid" 

in the Lewis  sense of  the  word).    The  over-all reaction 

may be represented as follows: 

-O-Si-0-Si-O-Si-O-Si- 

/ Ac-O-Ac / Ac-O-Ac 

•^v 

-0-Si-OAc / 

Ac-0-Si-O-Si 
\ 
0 
I 
Sl-O-Ac 

/ Ac-O-Si- 
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It may be not^d that this  "chain-chopping"  results  in 

a depolynerized product with acetate end groups,    Since 

the product  is contaminated with excess acetic anhydride 

from which it cannot be separated by chemical means, a 

molecular weight determination cannot be run directly on 

it.    However,  a reaction of the acetic anhydride oil with 

methanol produces a methoxylatod oil which can easily be 

freed  of impurities  (methanol,  methyl acetate and  acetic 

acid) by viator extraction a id hence  is  ideal for a mole- 

cular weight study.    The assumption that the methoxyl 

derivative has the same  molecular weight as the acetic 

anhydride precursor is  not  valid, since the acetate end 

group may react in either of two ways with methanol: 
-H20 

I    -O-Gi-0-iC-CHo > CH,-0-C-CH, / -0-Si-OH- —*Dlmcr • 11      3 3       t,      3 r 

•0 0 

H-O-CH? 

II  -O-SI-O-C-CH3 ^H0C-CH3 / -0-31-0CK-, 
CH3-O.-H   0 ° 

However,  the maximum increase in molecular weight would 

be onefold.    The molecular weights of  the  resulting 

methoxyl-siloxanc mixture ranged from l;-99 to 1070, the 

lowest values resulting from the highest concentrations 

of the  "chain-chopper'1, acetic anhydride.    Zcisol methoxyl 

determinations indicated that the  oils  do, indeed,  contain 

substantial amounts of methoxyl end groups.    The dctcrmi- 
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nations,  however, were not  in agreement with the physical 

molecular weight values.    A typical preparation of  a 

methoxyl oil by uay of the acetic anhydride intermediate 

oil is as follows: 

'•To 50 grams  of gum well-dcpolymcrized by HC1 

treatment  is added 10 grams  of acetic anhydride.    The 

mixture is uarmed on a hot plate,  and 0.2 grams  of ferric 

chloride  is  added.    Although two liquid phases form ini- 

tially on mixing, after  5 minutes of heating, only one 

phase remains.    The   solution darkens and become." very 

mobile.    Heating at the boiling point   is continued far 

two hours.    After  cooling,  the product is  a clear, mobile 

oil;  some dark  solid  (probably fcr.'ic acetate)   has settled 

to the bottom of the  flask and may be filtered off. 

"Twenty milliliters of this acetic anhydride product 

is then mixed with 50 milliliters of mcthanol.    The mixture 

is boiled for 30 minutes.    After being cooled,   the mixture 

is repeatedly extract:d uith water to remove all mcthanol, 

methyl acetate,  ferric  chloride, acetic acid and acetic 

anhydride.    A clear, mobile  oil results after drying, 

MOLECULAR WEIGHT DETSHMINATIONS ON 
MSTE0XY-0IL3 F10H AC^IC Or.TrJDE-OILS 

Hun v^cpO Used    MW 

1 00 lf99 

2 kO 705 

Hun   ;JAca0 Used   in/ 

3 30 721+ 

10 1070 
*Thc moleciilar weight as ep.?.oul^tM f^om a mcthoxyi eetcr- 
mination was 270 
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"The  second method  of dcpolyrncrization was by re- 

action of  the HCl-liqucficd gum 9979-G directly with 

methanol in the presence of an acidic  catalyst  (here, 

ferric chloride).    All of the rcactants were brought 

together  in one  phase by means   of  a solvent such as  ether 

or  carbon tctr a chloride.    The reaction is: 

Si-0-3i  / 2C1U0H      - > 23i-0CH3  / H?0 

Since water  is a product,  it vas thought at first that 

a drying agent uould  increase the  extent of reaction. 

It ^as found,  however,  that the  amount  of drying agent 

(Drierito was used)  had no effect on the molecular uoight 

of the product,    A typical preparation of  these mcthoxyl 

oils is as follows: 

180 grams  of HCl-dcpolymcriscd gum is mixed \/ith h^O 

millilitcrs  of methanol.    1,5 liters of  carbon tctrachlo- 

ride is added,   effecting formation of   one  phase.    Anhydrous 

sodium sulfata  (76 grams)  and  1.8 grams  of  ferric chlo- 

ride    arc added to  give a yellow solution.    After standing 

at room temperature for five days,  the  solution is  tho- 

roughly washed vith water to remove methanol and ferric 

chloride.    The   carbon tetraohloridc solution of the product 

is dried ovc.'' sodium sulfatc,  and  the  carbon tctrachloridc 

is distilled off to leave 175 grams  of  a nobilc,  colorless 

oil. 

- 
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MOLSCULAR 'EIGIZE DETERMINATIONS ON 
METHAITOL-DPJPOLYI SE?J ZATI OH PRODUCTS 

Run     Weight of .Drierite J£aSOy      M.JU. of the P£qduc* 

1* 25 336 

2* 200 310 

>+* 750 39? 

5** 0 378 

6*** — 1750 

7*** — 2035 

*      Runs 1 through Li- were with 50ml KeOH. 0.2^. FeCl-^,  20g. 
Liq. GUT,,  all in 100ml dry ether, '-Jltii the indicated 
amount  of Drierite, 

**    Run 5 was made    ith v/ater-saturated ether, 
**::-  Runs  6 ard  7  (controls)   involved the direct reaction of 

HCl-liq.  gun with excess MeOH without  solvent,  acid 
catalyst,  drying agent, etc. 

****The Dolocular ». eight as calculated from a Methoxyl 
determination was 1020. 

The reaction involved in runs  six and seven in: 

-Si-Cl r MeOH     -—  >   -3i-0-Me / HC1 

The  low content  of methoxyl in "tun :io.  3 indicates  that 

cyclization nay have occurred following aepolymerlzatlon, 

This would account for the presence of  small molecules 

containing no methoxyl end groups.    The conversion of tbe 

HCl-depolymerized product into  lov>-molecular-'ueiEbt meth- 

oxy    derivatives rakes possible a comparison of  the pro- 

ducts  of the   two new depolynerization methods with  the 

HC1 liquid  gum.    It is  significant that values around 

BS-—— :: 
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1800 have been obtained in the past for the HCl-depolymer- 

ized liquid gun without  stabilization. 

"These two depolynerization methods appear to be 

general;  that  is,  any anhydride  should react with the gum 

in the presence of an acid  catalyst.    The anhydride of a 

dibasic acid  (as naleic  anhydride)   should react in the 

presence of an acid catalyst and in a homogeneous  system 

to give a polymer  of the type: 

-C-CH = CH-C-O-Si-    O-Sii   -0-Si-O-C-CII - CK-C-O-Si-O-^i-0- 

Tliat this was not  effected in earlier work   (Report Ho,  6) 

is probably due to the  failure to use an acid  catalyst and 

to obtain a one-phase system. 

Sllicone Modification 

"After the two new methods  of  depolymerization had 

been explored,  the probleos  of  incorporation of foreign 

groups into the siloxane molecule and   repolymerization 

were studied.    Unlike the methoxyl oils which  seen  rela- 

tively unreactive,  pos.sibly because of a paucity of end 

groups, the acetic anhydride products reacted readily with 

hydroxyl compounds  such as aethanol and  glycerol.    This 

is in accordance with theory, which states that the meth- 

oxyl compound?  ar^ rnalogouq tc ^:.tu>:, rpd  the acetic 

anhydride products to nixed anhydrides. 

"The reaction with glycerol is ana loco us  to  the 
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reaction with methanol, vhich has already been discussed. 

It may be represented as follows: 

CH^-g*0(Me?3iO)   -G-C1I-,  / 2CH0-CH-CH2   -> 2CIUC00H / 
0 ra o     J       oir OH OK J 

H0CH2-CH-CH2-0(MeS iO). -0-CH2CH-CH2OH 
OK •' ""OH 

It is  to be anticipated that some  linear  chain formation 

and some cross-linking also occur through the , '-hydro::yl 

groups of the glycerol.    The  products formed by this 

reaction of glycerol vith the  acetic anhydride oils are 

colorlcs:i, mobile  liquids.    They cannot  be transformed to 

gums by ordinary methods; that  is, neither  2 percent ferric 

chloride nor  traces of  sulfuric acid \iill cause appreciable 

polymerization as occurred! with the earlier reactions of 

this ';ind  (Report Ho.  7).    This  is probably due  to a 

preferential reaction of  free hydroxyl groups ulth the 

acidic catalyst.    Treatment  of  the  oil with excessive 

amounts of concentrated  sulfur ic  acid followed by dilation 

with water does result  in gum formation,  this  probably 

being effected by the elimination of glycerol groups, 

A typical glycerol~oil preparation is as follows: 

^00 grams  of HCl-depolymerized gum is  placed  in a 

liter Hrlenmeyer flask.    To this  is added 1.  gram of 

ferric chloride  (hydrate)  and then 20. milliliters 

of acetic anhydride.    The contents of  the flask are. 

heated on a hot  plate vith stirring  for a few minutes. 
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Within five minutes,   20. milliliters  of acetic an- 

hydride is  added.    Then 160, milliliters more  acetic 

anhydride is added evenly over a period of one hour, 

and the mixture is boiled for  one additional hour. 

After the flask and contents have cooled,   the  solu- 

tion is  filtered  to give a clear, red mobile liquid 

(the acetic anhydride product).    To this  is added 

200. milliliters  of glycerol, which forms  a yellow 

lower layer.    The mixture  is  heated cautiously with 

stirring to initiate the reaction, '.hich proceeds 

exothern.ically.    In ten minutes, a dark  lover phase 

forms with a clear oil ibove it.    The mixture  is 

heated  on a hot  plate for one hour and is  then allowed 

to cool.    The dark, water-soluble  lower phase is 

discarded.    This  probably consists  of glycerol mono- 

and di-acetates,  unreacted glycerol and highly hydrox- 

ylated crgano-silicone  products.    The top  phase  is 

clear;   this  i3 repeatedly water-extracted  after 

dilution with ether.    The  ether solution is dried 

j over sodium sulfate and the ether is distilled off 

to give a  clear,   colorless mobile  oil (Glycerol 
! Product),  390 trams  yield. 

"The glycerol products can be condensed by reaction 

with cross-linking agents as diisocyanates and  poly- 

I functional chlorosilanes.    The  condensation process  is 
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probably not as simple as: 

.     ......    ?   • - . 
-C-O-rH C\ -ii-Cl H» -0-C- V C-0-Si-O-fl 

" ""     ft   • '     -2HC1    '       ' • 

since, when tried, dimethyldichlorosilane did net effect 

gum formation.    Gum formation occurred on reaction with 

phenyltrichlorosilane and may folio1.: the path: 

O-Si-O-CH^-C/I-CHp     -0-3i-0-CH2-CJ:-0:i2 -0-Ji-0-CH2-CH-CH2 
HO ofa' 

o/^ci 
Cl     .0 

.cr SRI- 
MI ;   oi 

6   6' 

pdi 
Clr 

o   b 
i 

o 
V. 

H?0 

Si — 0 

3i—0 

-Si-0-CH2-CH-CH2 -0-Si-0-CH2-CT!-CH2 -0-3i-0-CH?-CH~CH? 

This mechanism, rationalizes the failure to cross-link 

with diohlorosilane,  for a dichlnrosilane  would  act as 

a chain stopping agent.    These gums, unlike   the untreated 

glycerol products,  may be cu?:ea;  however,   the  products 

are brittle and weak.    By varying the amount of phanyltri- 

chlorosilane,  one obtains gums  of varying hardness.    'Jith 

2.5 percent,  an oil was obtained.    V'ith 10 percent,  a 

greasy mass was produced.    With 13 to 25 percent, hard 

gums were  obtained.    In a typical run, lt-0.   grans of 

glycerol product,  prepared by the above procedure, was 

reacted with 7.5 crains  of phenyltrichlorosilane by heating 

the homogeneous mixture under reflux for four  hours. 

-r-r- 
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During this period,  hydrogen chloride "as evolved.    At 

the end of this time,  the liquid "as  cooled and  stirred 

v/ith excess water,  forming a solid,  rubbery but brittle 

gum. 

"In the case of the metho::yl oils, repolymerization 

is  effected by heating vith 5 percent  ferric chloride. 

One batch of  gum so   "ormed showed exceptional hardness on 

curinr;; however,   repetition of the  procedure gave a dry 

brittle product.    Two points are evident:  first,  although 

chemical procedures may be repeated to  give the  sane 

product,  the   -ur.rin'-; process has not been standardized 

and  is  subject to variations  in human    judgment; and second, 

the anomalous  liardness  of the  nethoxyl gum was probably 

due to a difference in the degree of repolymerization and 

not  to ?. change in the  basic polymer type. 

"Another approach to polymer modification vas the 

reaction of ammonia -stabilized liquid gum vith adipic 

acid to form cross-links.    The reaction is  probably as 

follows: 

Si 
t 

Si 
i 

N:'H Hd'-C-(C:
T
O)K. -C- OH H'-N 

I * - • •   ••              •• i 
0 o Si Si 

Si Si 
i i 

1  0 0   ' si si 

This  represents an unstable structure analogous to a beta 

diketone.    The product, while  it appeared to be a strong 

gum after the reaction,  proceeded to depolymerize  slowly 



r 
' 

r 

to give a product similar in appearance to the  original 

ammonia-stabilized liquid.    The addition of triethanola- 

mine failed to prevent this decomposition.    The method of 

preparation of  the adipic acid ammonia-stabilized silicone 

product  is  as f ollovs : 

Eleven grams  of adipic acid  is mixed with 122. 

grams  of ammonia-stabilized gun  (solvent  having been 

removed).    The mixture is  heated to 2^0°C.  on a hot 

plate for five hours.    Some of  the adipic acid 

sublimes and  condenses on the flask vails and must 

be  scraped off.    At the  end  of  the reaction period, 

the liquid  is allowed  to cool, and a strong elastic 

gum forms.    On standing for a week,  this gum decom- 

posed to form an oil.    Addition of nine grans  of tri- 

ethanolamine did not prevent depolymerization. 

i: 

ii 

i: 

H 

Formation of Gr innards 

"In an attempt to modify the polymer by introduction 

of polar groups, chlorinated 81176 gum (1 Cl to h  Si atoms) 

was treated with excess magnesium. There was no indica- 

tion of C-rignard formation except in one case "here the 

polymer separated from ether solution, indicating cross- 

linking. This work might be repeated \dth conversion to 

the iodo-derivative before attempting to form the Grignarrd 

| reagent. It should be noted, hovever, that there are 

reports in the literature on the depolymerization of 

I 

I! 

Ii 
I; 



- 

I 

r 
r 

1 • 

I! 

I" 

I 

i; 

LI 

48. 

methyl s.ilicones by Grlgnard reagents." 

Following the  s^udy of  depolymerization reported in 

the last  few pages, further work night  have been done on 

reactions of the  thoroughly depolymerized rubber with 

ammonia,  glyce^ol and  other reactive  substances in an 

effort to improve the reinforcement  of  the  silicone polymer. 

However, other interesting  and fruitful e:cperiments were 

already under "ay,  which made it necessary  to  curtail this 

work. 

Reclaiming 

After  it  had been demonstrated that strongly acidic 

substances such as titanium tetrachloride would liquefy 

large quantities  of  silicone  rubber,   it was obviovs  that 

this  should be tried  on vulcanized silicone rubber, as 

a method  of reclaiming.    The first  experiment wan carried 

out with silicone-cor.ted glass  cloth,    iillcone-glass 

cloth gasket scrap was  digested first in a ten percent, 

solution of  titanium tetrachloride in carbon tetrachloride. 

The concentration of titanium tetrachloride could be 

reduced to five percent, but not as low as one percent. 

Upon standing at room temperature,   these solutions  attached 

the silicone rubber,   loosening  it from the  glass.    After 

the disintegration of  the silicone rubber,   the  glass  fiber 

was removed from the mixture.    Then the  solution was 

carefully treated with water to  decompose the titanium 
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tetrachloride, transforming the  latter into titanium 

dioxide.    The  slurry uas concentrated to dryness by 

evaporation, and  the rubbery mass was then milled to 

disperse the newly formed titanium dioxide. 

Reclaim produced in this way was  compounded in 50:50 

mixtures with ncv Dow Corning 6-160 rubber.    Tensile 

strength and elongr.tion were definitely reduced with this 

much dilution by reclaim, although introduction of 

additional benzoyl peroxide restored the tensile  strength 

to its original valu«.    It '/as  evident that reclaim of 

some value  could  be made by thin  process.    A comparison 

of other reclaiming agents v/as made and it  • as  found  that 

titanium tetrachloride '..'as  the   best,  folloved in order 

by dimethyldichlorosilane,  stannic chloride and silicon 

tctrachloride. 

In order to evaluate  the reclaiming process further, 

these test:: were repeated.     In this   case,   the   scrap for 

reclaiming was selected free of  glass fib.er,  and  one  half 

of the  scrap uas reclaimed with titanium tetrachloride 

while  the other half '.'as reclaimed  sinply by grinding 

extensively on the   laboratory mill,    A very  fine powdered 

scrap was produced in this  way. 

The two reclaims were then compared by putting each 

in 50:50 mixes with Dow Corning 6-160.    It was found 

that the ground scrap produced very little  lowering  of 

the tensile strength and  elongation, as compared with 
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those of the  control compound.    The  solution reclaim, 

on the other hand, showed a large reduction in elongation 

and a  large increase  in hardness.    Tensile strength was 

not greatly affected.    The  conclusion uas drawn,  therefore, 

that reclaim produced by the solution process offers no 

advantage over reclaim produced simply by grinding. 

Grinding may not be feasible  on scrap containing  glass 

fiber because of the difficulty  of grinding  such a material 

and because the   c?ound glass in the product will have 

little value.    It would seem, however,  that in order for 

the solution process to be very  practical,  the silicone 

content of the scrap should be high.    The usual varieties 

of silicone-coated glass  cloth  contain generally less 

than 10 percent of gum.    Reclaiming  this  by the   solution 

process,  as now developed,  is questionable  economy, 

D 
fldheslves 

U Another by-product of the work on eepolymerization 

was the possibility of making  a silicone  adhesive from the 

ammonia-stabilized  liquid rubber,    'Tien this material was 

n heated for one hour at 300°F., a sticky product uas obtained 

which,  however,  had very little cohesive strength.    Upon 

f getting further into this  problem,   it was found that 

greater  strength in the adhesive  could be obtained by 

blending new SS-76 rubber uith silicone   oil, and the 

strength could be enhanced further by adding small amounts 

I 
\ 
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of filler and bcnzoyl peroxide.    The best formulation, 

called Adhesive #200, consisted of  four parts of  13-76 

rubber, six parts of G.E.  9996-1000 silicone  oil,  0.17 

parts of Santocel C,  1.^3 parts of Titanox RANC and 0.2 

parts of benzoyl peroxide.    This  mixture vas   coated on glass 

tape which wa3  then heated in an oven in air  for one half- 

hour  at 350°F.    This product stuck to a vide variety of 

substances,  including glass, metal, vood,   silicone rubber 

and 0R-3 rubb.r.    It remained sticky  over a temperature 

ran^e from -70° to AG0°F.    After being applied,  the tape 

could be exposed to boiling v/ater,  air at -70°F,,  air at 

1+80°F.,  and A3T!f Oil   "o.  1 at  350°F., without  losing 

adhesive properties.    This uork was partially responsible 

for our entering  into a contract vith the Air Force on 

the development  of  low-temperature adhesives  (AF33(600)- 

16213). 

Hflqq^atiate.s as. Cjcpsti~Llp&<Li.ngh Jfoents in_ Silicone Hubber 

Isocyanates are very active    chemicals  in which the 

-NCO groins can react readily vith compounds containing 

-Oil or -?JH; groups.    Di- or poly-isocyanates have been 

used to produce polymers because of  this reactivity; for 

example, a dilsocyanate will react v;ith ethylene r-:lycol 

to form a long-chain polymer.    If glycerol is  used in place 

of  ethylene glycol,  the polymer '..ill be  three-dimensional. 

Resins may be formed by reacting  organic diisocyanates 



s^ 

v/ith siloxanes which contr.in active hydroxyl groups  (U.S. 

Patent  2,527,590,  1950).    In Report No.  9, the results 

of a study  of  the reaction of mcta toluene diisocyanate 

with ammonia-stabilized and with glycerol-stabilized liquid 

silicone gum were presented.    It was found necessary to 

be  sure that thr reactants were free of moisture,  since 

water decomposes the diisocyanate.     /Vbout  tuenty different 

rubbery products were produced by allowing the gum to 

react with 5 to 25 percent  of the diisocyanate. 

The product resulting from the ammonia-stabilized 

liquid gum was tiven special study.    It v/as found  that 

it  could be milled  in the  usual manner and compounded with 

as much as  50 volumes  of Celitc  505.    Uhcn cured  in a 

press for  15 minutes at 250°F.,  the compounds resulted 

in crumbly slabs \;hen cured either with  or without benzoyl 

peroxide. 

The glycerol-stabilized liquid gums were also given 

special study and they, too, uere found to be capable 

of being nilled and loaded \: ith Celite 505 (25 volumes). 

These compounded gums became brittle and nonclastic when 

heated in the press, as above, either in the presence or 

absence of benzoyl peroxide. 

It v/as concluded that the diisocyanate reacts with 

the active -NHo or -OH groups  of ammonia-stabilized or 

glycerol-stabilized liquid gum,  but no obviously useful 

products resulted. 

Wi i '.'.mum i 'wyjL'J, MIH»»)yiii« 
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Reinforcement  of SB-76 Silicons Rubber 

It was pointed out  earlier that liquefying SE-79 

rubber, folloved by dispersion of fillers in it  in carbon 

tetrachloride solution,  resulted in improved reinforcement. 

When the General Electric Company made available a liquid 

silicone rubber, S3-76 (originally 81176),  it v/as thought 

likely that improved dispersion of fillers would be pos- 

sible with it. 

SE-7$ gum is a water-white, viscous  liquid  which 

smooths out  on the nixing rolls  immediately.    Unlike SE- 

79,   it  is not  cross-linked to any grc.t extent.    For this 

reason,   it  is  soluble  in hydrocarbons,   chlorinated solvents 

and met hylcthy Ike tone.    At the time t"<at  this work "as 

started,  the exact composition of  31-76 was  not known to 

us.    An infrared examination of  the material at a later 

date proved that  it  is  substantially 100 percent pure 

polymer of dimethylsiloxanc.    \lc also learned later that 

it  is polymerized in the presence of alkali  hydroxide. 

During the past two years,   it  has been supplied in various 

viscosities.    The earlier samples were quite heavy, and 

General Electric found that when compounded,  the mixtures 

were too stiff for convenient processing.    Early in 1952, 

therefore,  they lowered the viscosity of the product to 

its present  level,    liolecular-weight figures which charac- 

terize the degree of polymerization will be reported later 

in this report.    It may be said here that the early product 

mm w^mmm 
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had a molecular weight of approximately 700,000, and 

the present product has a molecular weight in the V00,000 

range, 

Uhereas it was  extremely difficult to reach a tensile 

strength of  500 p.s.i. with the SE-79 polymer, this  figure 

was reached with the  new rubber with several pigments. 

One tensile  figure reporter.1  in Report No.  8 was  103*+ p.s.i. 

Results such as these were obviously encouraging. 

Table XI facing  this page,  is a summary of all of 

Uhe p:<pnrim«nts which were  cr.rried out vith fillers in 

SE-76 rubber,    in w>st cap"*!,   *-h#  fii.i.rs have been de- 

scribed previously in Table  I.     Properties  of   those not 

mentioned in Tr.blo  I are described in Table  XII.    The data 

selected Tor Table XI include for most pigments the  results 

which were  obtained at a volume  loading which gave  optimum 

tensile strength or  elongation.    For those fillers which 

appeared to have outstanding properties for one reason 

or another,  additional data at  other volume  loadings arc 

also supplied in this Table. 

Pigments  tested at once in SE-76 included lion, 

three  forms  of  titanium dioxide,   tvo zinc oxides,  two 

calciun carbonates, a new silica pigment known as Aerosil, 

and others.    It may be said  here that these pigments  fall 

generally into two classes:    those producing moderately 

high tensile  strength and very high elongation,  and those 

producing moderately high tensile  strength and  low 
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elongation. 

Those fillers which are characterized by high 

elongation in sillconc rubber include the following» 

Alon,  hydrated alumina,  zinc oxide,  Celite 318,  Celite 

800, G3199S Silica,  Hl-Sil C,  ni-Jil CXV2,  'Juper Multiflex 

and :ritcarb R, 

Those  fillers  which are characterized by lot'  elonga- 

tion  include Aerosil,   Celite 220,  Celite Super "?loss, 

Hi-Sil r;2-\rTi->+2, Hi-Oil, Micalith C, Si-0-Lite,  santocel 

C,   carbon black and Whitctox, 

Some fillers seem to fall in neither class,  notably 

the titaniun dioxides,   of v/hich Rayox  110 and Titanox 

HAIJC are examples. 

It is apparent  that relatively coarse fillers,  such 

as Celite 270, do not show a much greater degree of rein- 

forcement  of SI2-76 liquid  siliconc rubber  than that  obtained 

with   E3-79) S3  seen in Tables  II and  III*    However, very 

finely divided  fillers,  such as Alon,  GS199S Silica, 

Srntocel C and  Aerosil, arc  benefited by the use of  the 

more liquid rubber and may result in tensile  strengths 

at least 100 percent  higher than those  obtained with the 

earlier rubber. 

As will be  seen later, with Alon and GS19SS Silica 

suitable  proportions  of filler make  it possible to exceed 

a tensile  strength of 1000 p.s.i.    Such effects are not 

entirely the result of good reinforcement, since both Alon 

ry^szr' 
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and G3199S Silica affect the cure. Alon tends to deacti- 

vate part of the benzoyl pcro::ide, thus giving rise to 

high elongation and therefore high tensile strength 

stocks. GS199S Silica -possesses the property of vulcan- 

izing the siliconc ru'-bcr in the absence of added benzoyl 

peroxide, TTien controlled by lea; temperatures of curing, 

GS199S Silica, by a combination of reinf or cement and 

vulcanizing activity, can produce stocks with tc.->sile 

strengths in excess of 1500 p.s.i. and elongations of 

500 percent or greater, 

Santocel _c_. 

For various reasons,  the filler which has  come to be 

considered as standard in 3E-76 compound  is Santoccl C. 

It is a silica aerogel uhich is  cornpriscc  of very  snail 

(.01 *"icror.)   ultimate particles which arc formed in aggre- 

gates of 3 to 5 microns  diameter.    These aggregates arc 

porous and when placed in the rubber they apparently soak 

up the liquid siliconc  rubber  so that rcrallling is  strongly 

recommended to  overcome the  so-called "structure"  effect. 

After being remilled,   the  compound remains rubbery in- 

definitely.    Either because of its porosity or the presence 

of water-soluble  impurities,   3antocel C  imparts very poor 

water-resistance.    For  all other applications,  Santoccl 

C comounds arc excellent.    Properties  of  Santoccl C 

are given in Table :i'ill. 

~—— 
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This pigment at a 20-volumc  loading results  in a 

tensile  strength of 900 p.s.i.,  and elongation of 300 

percent and a hardness of 61  (Table 13).    It falls  in the 

class of  lot/-elongation pigments  for   silicone rubber. 

Inasmuch an  lantoccl  C provides moderately high tensile 

strengths and  elongations,  it  has been adopted for  use 

in some  of the General Electric  silicone  compounds and 

has been re commended by this  company to  those who wish 

to compound  their o'.ra silicone  rubber. 

Fillers which arc  of  interest because at high load- 

ings they provide moderate tensile   strength and  elongation 

without  undue  hardening arc zinc oxide  (AZO-ZZZ-1^), 

titanium dio::ide  (Rayox 110 and Titanox RANC) , Hi-Sil, 

Cclitc Super Floss anc1 Celitc  270,   fhitetcx,  Uitcarb R 

and Super Hr.lt if lex.    Since emphasis was  placed en striving 

to achieve hi^h prone.rtios, none  of  these uaa    investigated 

extensively.    :iuch further study could be "olaccd on seme 

of these,  as 'jell as others  such as  ?.i-0-Litc and  special 

samples of Hl-Sll, and Micalith 0.    Acrosil will undoubtedly 

receive considerable attention since  it  is  to be  imported 

or  manufactured  by at least two companies in this  country. 

Acrosil is an aerogel silica like 3antocel C and will 

probably be competitive with it in the siliconc field. 

It became available  only at the close  of the  contract, 

and not much could  be done    ith it for lack of time. 

As  pointed out above, Santocel  C was   considered a 

»»»*•-; '       Mill • m   1| 
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standard or  control pigment  for much of the remaining 

work..    Comments  on GS199S Silica are reserved for later 

sections of the report. 

Alon 

The first of  the fillers which gave outstanding results 

v/as ..Ion.    Details  of  the  characteristics of Alon may be 

found  in Table :.T.V.    A complicating factor   is  the  fact 

that Alon tends to destroy or   inactivate a substantial 

portion of the benzoy]   peroxide.    Thus   it  is  generally 

necessary to add about   twice as nuch benzoyl pe?o;;ide when 

Alon is used as when other reinforcing pigments are used. 

If this  is  net. done, very soft vulcanizatcs will result 

and,  in some  cases,  the  slabs will not cure at all.    If 

they do curt at all,   long oven cures  or high-temperature 

oven euros nay cause reversion.    All of these difficulties 

can be  corrected  by adding additional  benzoyl peroxide. 

With low percentages  of  benzoyl peroxide, very stretchy, 

rubbery products arc  formed with  elongations as  high  as 

1200-l1+00 percent and  tensile  strengths from 800-1000 

p.s.i.    A3 with most silicones,  long,  high-tencrature 

oven cures reduce tensile strength and elongation,  but 

in the presence of from three to five percent of  benzoyl 

peroxide,  tensile  strengths   of  over 900 p.s.i. with elonga- 

tions  of approximately 60C percent can be obtained. 

Examples of results obtained with Alon,  showing the effects 

A 
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AfcQOH. SE-.76 

(Oven Cure      1 hr. § 300°F.) 

Vols. Alon            BP    Tensile    Elongation    Hardness    Stress 
per 100 SE-76    %   p.3.1.      &    Shore.A-   £>.QPJtE • *      ^••^fc— • •      *•m 

5 I.»f 199 
5 1.6 20^- 
5 T.-B 152 
5 2.0 171 
10 l.h 362 

T-62 10 1.6 
10 1.8 Jr65 
10 2.0 1+3C 
10 3.0 362 
15 o  0 obu 
15 3.0 

15 
15 
15 
15 
20 
20 
20 
20 

2.0 736 
3.0 962 

C30 
r:o 592 
2.5 1^2 
3.0 
M-.O 

1+86 
867 

5..o 811 

-_^... 

365 3^ 
375 35 
250 36 
275 3>+ 

1050 29 
32 

89? 32 
rA2 5? h-00 

l-;07 30 
1229 3? 

hrs. C 300°F.) 

1065 27 
588 u 387 
350 hQ 
975 25 

1115 ?2 
i+2 r;85 

li00 52 

268 
535 
G92 

"06 
166 
510 
CIO 
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of increasing Alon concentrations at constant amounts of 

benzoyl peroxide, and tho effect of Increasing cure and 

benzoyl peroxide at constant loading of Alon are shown in 

Table XIV, facing this page. 

The unusual result when a 10-volume loading gives a 

higher elongation and lower hardness than a 5-volumo loading 

at 1«6 percent of benzoyl poroxido is an indication of the 

side reaction of Alon with peroxide.  It is corrected by 

adding additional poroxido.  Underlined percentages of 

benxoyl poroxido are thojo rocommonded as sufficient to 

produce stablo cures.  In cases where less wa3 U3ed, continued 

curing caused roversion. 

For a time aftor these rjsult3 wore obtained in 1951, 

the Cabot Company tomporarily abandoned tho manufacture of 

Alon. More recently, they have again bocomo interested in it, 

and there is a fair chanco that it will eventually bocomo 

commercially available. *lon is truated with hydrochloric 

acid in one of thvj final stages of its manufacture, followed 

by high-temperature calcining to drive off tho excess acid, 

moisture or aluminum chlorido. The final pH is about B»k* 

As will appear later, further calcining drives off more 

acidic materials, and tho filior becomes less strongly 

reinforcing (loses modulus) but imparts higher elongations 

and higher tonsila strengths. The affinity of Alon for the 

silicone rubbor is evident in the high elongations obtained. 

As an example of what can bo accomplished with Alon 

\% 
i— 
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TABLE XV 

A.M3 TESTS. .OIL .ALON JlftCJPgS 

Recipe 
mi-i 

Recipe 3303c 
Jp_c_c_. 

Unaged 

Tensile,p.g,i. 
Elongation,^ 
Hardness, shore A 
?e?.r-Re si stance 

769 720 Uoo/rain. 
367 250 100/min. 

6>f 53 60^5 
118.5 77 35/min. 

Aged in A.S.T.M. Oil No. 1 
70 hours @ 350°F. 

Tensile,p.s.i. 
Elongation,;,* 
Hardness 
Vol. Chance,^ 

292C -20ji) 
55  (-9) 

/3 

-20^ ma:-:. 
-20.;^ OP.X. 
-10 max, 
/10;' ma::. 

I 

I 

: 

Aged in Air 
2^ hours @ M-50°F. 

Is       *l Tensile.p._.. , 
Elongation,;* 
Hardness 

580(-;5«'0 
167(-5W 
72(/0) 

610(-1$,;) -10": ma::. 
125(-50^) -25;; max. 
S2(/2'0  /1C ma;^. 

Compression Set 
22 hours @ 350OF. 

%  of original deflection 93 99 less than 60 

Low-Temp. Brittlcncss passes 

necipc 
1867.-5 

SE-76 100 
Alon (20 vol.)    73.6 
3onzoyl Peroxide 5. 

passes      lover than 
-70°F. 

Recipe 

100 
(15 vol.)  If9.2 

press Cure 
Oven Cure 

15 min. C  250°F. n 15 min. @ 2p°F. 
Cycle cure  to ^80°F.       2»h hrs. C *KJ0°F. 

( 
*•—* •• rr~ 
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in practical silicone recipes,  the table  on the opposite 

page 3hows results  obtained  on two recipes compared with 

the AMS 3303C specification.    These recipes do not  meet 

the specification in oil particulars, but certain points 

are worthy of  comment.    In the  first place,  the unaged 

tensile,  elongation and  tear-resi3tance specifications 

are far  exceeded by the  two  Alon reeipe.s.    Losses  on aging 

in A.5.T.11,  Oil No,  1 or in air exceed the allowed per- 

centages.    However,  the  properties of the  aged rubber are 

still higher after aging  than the  specification requires 

before aging.    These  two recipes contain no metal oxides 

which are  usually added  to impart  low  compression  set, 

and  therefore they do not  meet the compression set require- 

ments,    ?[o effort wa.; made to revise these recipes so that 

they would meet the  specifications  in all respects,  since 

Alon was not available commercially, 

Sffect of Acid inJJJ'."76 Recipes 

An interesting experiment was carried out with the 

additic.: of benzole  acid or  stearic acid  to a recipe con- 

taining 100 parts of 33-76,  hO parts of Santocel C and 

1,65 percent  of  benzoyl peroxide.    The  benzoic and  stearic 

acids were added in amounts  of  one and two percent,  and 

the  samples were all  siven a thorough oven  cure of   16 

hours at U-00°F,    The results clearly showed that these 

organic aci*«i h«vc a permanent softening  or  depolymerizing 
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action during  the  curing.    They reduce tensile  strength, 

raise elongation and 3 over the hardness.    Benzole acid 

was  less  harmful than stearic acid, probably because it 

is volatilized during the cure.    Two percent  of  stearic 

acid reduced tensile  strength from 8C0 to  200 p.s.i., and 

hardness from ho to 30, 

This experiment  is   important  because it  shows  clearly 

that  the benzoic acid, which is  a by-product of  benzoyl 

pero::ide vulcanization,  has a harmful effect.    Apparently, 

one  should  avoid adding  any acidic material to  silicone 

compounds.    One of  the hydrated aluminum oxides supplied 

by the Aluminum Company of America contained particles 

of  pigment which were  coated \'ith  stearic acid.    The  harm- 

ful effect of  the acid was noted here also. 

Rate of Vulcanization and _Post_ Curing 

An investigation of  the rate  of   vulcanization of 

silicone rubber  compounds './as  undertaken.     It had been found 

in some earlier   fork  that benzoyl peroxide decomposes very 

rapidly at a temperature  of 200°F,    This  indicates that 

the primary vulcanization reaction of   silicone  rubber with 

benzoyl peroxide takes place  in the press curej which is 

usually carried  out for  15-30 minutes at 220°F.   to 300°F . 

As a matter of fact,  it is  only natural to  be careless 

about  the tine and  t em per a tin.'" e  of  press  curing because   it 

is  the  common impression that most of  the  curing  occurs 
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TABLE XVI 

FSESS CURING OF G. E. 81223 STOCK 

Physical Properties' 

Sam- 
ple 
No. 

A 

B 

C 

D 

E 

F 

G 

H 

I 

J 

Time & Temp.^- 
of Press Cure 

Stress 
fl 2Q0# 

5 min. rise to 210°F.      300 

10 rain,  rise to 230°F.    627 

10 min. rise to 230°^.    652 
/5 min. C 230°F. 

10 rain, rise to r-30°F. 679 
/10 min. @ 230°F. 

10 rain, rise to 230°F.    710 
A5 min. @ 230°F. 

10 min. rise to 250°F.    6*+l 
/5 min. @ 250°F. 

10 min. rise to 2pO°F.    67? 
/10 min. C  250°F. 

10 rain, rise to 250°F.    667 
/15 min. C 250°F. 

15 min. rise to 300°F.    715 
/5 min. CJ 300OF. 

15 min. rise to 300°F.    675 
/10 min. C 300°F. 

Elon- 
Tensile    gaticn 
•Strength Pcr- 
p.s.i.  cent 

7^3        375 

76h        250 

0^-2 

839 

932 

91^ 

763 

758 

263 

263 

250 

275 

225 

250 

715       200 

675       200 

Hard- 
ness 
Shore Corap.- 
A SetJ_, 

31*      25.0 

V?      37.^ 

W      ^7.9 

V7 ^5.6 

V7 »+6.2 

55 57.5 

56 56.9 

55 56.0 

55 56.6 

55 53.5 

Thermoraeter vas placed in platen to measure tempera- 
tures. 

2 All slabs,  oven-cured, using  *+8-hr.  fr.ctory cycle up 
to ^80°?.,  before measuring physical   n-opcrties. 

3 Compression set according to A.S.T.M. D-395-^9T 
(Method B),  22 hours at 300°F. 

I 
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TABLE ;-;yj£i 

OF TITAIIOX I OVEN CimiNG  OF TITAIIOX RA1TC STOCK1 

Physical Properties 

Stress    Tensile    Elon-      Kard- 
         . .......        Q Strength gation    ness        Corny. 

No«. - — o.f_.°.v.e.ri Cu.r.e.       .20Q;1.. .    U'S.l. __ P_ercent Shore. A Set_ j£ 

TA 1 hr.C300°F. 720 720 200 53 22 

TB 8 hrs.C300°F. — 663 175 55 GO.6 [ 

TC 0 'nrs.C300°F. /     — 662 175 55 $5.5 
16 hrs.J:-00°F. 

TD C hrs.t300°F.  /      — 607 163 51 63.0 
16 hrs.C^50°F. 

TE 8 hrs.C300°F.  /      — 365 125 52 66.0 
2 hrs.i350°F.  / 
16 hrs.Cl;OC°F. / 
8 hrs.£4-8C°F. 

TF 8 hrs.<L30G°F./       — 500 150 55 55 M 
2 hrs.C350°F. /* 
16 hTs^OQ°F. ^ 
8 hrs.^80°F. / 
5 hrs.Cl+00-500aF. / 
2 hrs.C500°F. 

^ress cure 10 min. rise to 230° / 15 minutes C 230°F. 
2Compression set according  to  '..S.T.li. D-395-l9T  (liethod B), 

22 hrs. G 300°F. 

I 

W17~  '' —~ ~ "   = ~~ 
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TABUS XVII 

QVSIT CtffflMB ffi_QEMAj[ ILBCTRIC 81223 

Physical Properties 

Sample Time & Temp, 
No. 

3A 

SB 

SC 

SD 

SE 

SF 

of_ .Oven c:ure 

1 hr,G300°F.     560   865 

8 hrs.:300°F. 70W        933 

C Ipri .tr&OO?. /        729        786 
16 hrs.e^00°F. 

8 hrs.C300°F. /        658       726 
16 hrs.C^50°F. 

8 hrs.L300°F. /•        637        699 
2 hrs.c350°F. / 
16  hi-s.£M-00°F.  / 
C hi-s.0lrCO°F. 

Stress Tensile    Slon-      Hard , 
C Strength gation    ness-      Comp. 

-, fl.,a.,i»      £erc««* Shore. A Set jf 

50 6M-.3 

8 hrs.C300°F. / 
2 hrs.t350°F. / 
3.6 hrs.tM-00°F. / 
3 hfs.cVSOOF. / 
5 hrs.t!l+00-500oF.  / 
2 hrs.i'500uF. 

673        6G5 

275 

225 

238 

225 

238 

213 

55 

55 

52 

50 

58.3 

52.3 

52.1 

59.9 

50.3 

Press-cure 10 min. rise to 2300 / 15 minutes £ 230°F. 

'Compression set according to A.3.T.M,  D-395-li-9T  (Method B), 
22 hrs. C 300OF. 

; 

; 
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during the long oven cure at temperatures of 3°0" - WOT, 

If, however, the primary vulcanization reaction takes 

place in the press, greater care should be taken with 

the time and temperature of such cures. 

In order to prove this point, a completely mixed 

compound, General Lilectric 81223, '..'as divided into several 

portions, each of which was given a slightly different 

press cure. After the press cure, all slabs were given 

a common oven cure. Another portion of the same stock 

was divided into several portions and all were given the 

same press cvre and then were given prop;ressively longer 

oven cures. The data are shown in Tables XVI and XVII 

and in Figures II and IV. 

V/ith regard to the press curing study, it was found 

that a press cure consisting of a 10 minute rise to 230°F., 
o 

with or without an additional 5 minutes at 230 F., produced 

a thoroughly cured vulcanizate. In this study, 15 minutes 

at 230°F, produced the maximum tensile. Curing for 5 

minutes at 250°F. resulted in a stock which did not change 

further as time or temperature v/as raised. It uaa interes- 

ting to note that minimum time and temperature in press 

gave the best compression set resistance and also resulted 

in slichtly softer compounds. Since compression set 

resistance is usually one of the desired properties of 

silicons rubber, it appears that press cures should be 

limited as much as possible. 

• n - 
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The data obtained on progressively longer and 

higher-temperature oven cures  showed that  the uaximuia 

tensile-   strength was achieved  in eight  hours at, 300 F. 

From this point  on,  the  tensile strengths were lower. 

A low compression set was  reached with eight  hours at 

30C°F. plus  16 hour3 at ^00°F,    (This   compression set 

test was run    i  300°F.     It is  likely that an even higher 

temperature of   curing would be desirable  Ior  compression 

sets which might  be run at 350°F.)    Tables and  charts 

facing  this   page  contain the data. 

More work was done  Liter on the  press curing temper- 

aturc  of  81223 and was reported in Report No,  13.    It '.'as 

found that  press  cures  of   10 minutes at   210°F.  wore  as 

satisfactory as  those carried  out for  10 minutes at 

230°F., and provided slightly better compression set 

resistance.    Rased c.i these and other data to he reported 

later, we feel that there  is no reason to carry out press 

cures with bensoyl peroxide for more than 10 minutes at 

210°F., and this   is  our recommended procedure. 

Preheating Pigments mth cJilicone Rubber 

An interesting development which has practical 

significance for silicone rubber manufacturers  or eom- 

pounders was reported in Report ?~o. 9 under the  subject, 

"Preheating Pigment Master Batches".    It \;ill be recalled 

(page 59)   that A Ion was found  to react with and render 

«&. —• J»JJ- 
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inactive a substantial proport&n of the benzoyl peroxide 

added to the mixture. In one experiment, benzoyl peroxide 

was omitted, and the rv-,;bcr \ as mixed with A Ion and heated 

before benzoyl peroxide was added. It had been expected 

that this night tend to depolynrrize the rubber to none 

extent because of t',i«? slightly acidic surface of the Alon. 

After the benzoyl peroxide was added and cures were made 

and tests obtained, it :>\.,  found that a definitely stiffer, 

stronger confound had resulted. 

Preheating experiments in the absence of benzoyl 

peroxide were then carried out on a large number of Mon 

mixes and on Mixes containing other pigments. In the case 

of Mon, it uas found that the preheating treatment caused 

the rubber to vet the Alon very thoroughly, caused some 

volatilization of low-molecular-weight siliconc rubber 

and generally raised the modulus, hardness and tensile 

strength of the prehuated compound. It vas found that 

approximately one third of the benzoyl peroxide usually 

necessary with .Mon could be eliminated. Data illustrating 

this remarkable effect are shown in Table III.., facing 

this page. It will be noted in this table that as the 

volume loading of Mon is increased from 5 to 20, it is 

necessary to add more and more benzoyl peroxide. However, 

in the mixtures which were preheated for one hour at 300°F., 

much less benzoyl peroxide wan necessary to reach a given 

state of cure than for those batches which were not 

'" »••••« 
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preheated. 

In Table £C, facing thin page,  the   effect of  the one 

hour  at 300 F.  preheating   treatment  upon physical tests 

obtained vith five  other reinforcing agents  is   shown. 

The  preheating treatment  is  shown to have a beneficial 

effect as Tar as reinforcement   is  concerned with lli-311, 

Santocel  C,  Titanox RA1IC  and  Celite 3uper Floss.    !/ith 

Uitcarb R,  there appeared  to  be no beneficial effect. 

Sumraarisinc the advantages of this refinement on the 

mixing process,   .'t pay be said that  preheating  promotes 

evaporation of  low-molecular-weight siiicone  oils which 

arc  of   little   value   in the  final   product.     Preheating, 

therefore,   causes a reduction in shrinkage during  oven 

curing.    Preheating  makes   it   possible  to reduce the benzoyl 

peroxide concentration and results in higher tensile 

strength and higher modulus stocks.    There was  some  indi- 

cation that preheating resulted in a slight improvement 

in compression set resistance.    A study  of  different times 

and temperatures of preheating  indicated that there MIXS 

little  to  be  gained by increasing   the  time  of  preheating 

beyond one  hour at 300°F. 

Moisture on JPlllers 

During the study of the advantages of preheating, 

it v/as suggested that part of  the benefits might come  from 

removal of  surface moisture on the pigments during the 
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preheating treatment.    It was therefore ac«iued to study 

the effect of direct removal of moisture on the  surface 

of pigments to see if any improvement in reinforcement 

would  be obtained.    In order to accomplish this,  a sample 

of Gantocel, which is very hygroscopic, and a sarnie  of 

Alon were  exposed for twenty-four  hours to saturated water 

vapor at room temperature.    They were then heated for 

several hours at  several different temperatures  to remove 

water  to a varying degree.    The  samples were then tested 

in 3E-76 rubber, as  shown in Table '/III and Figure V,  fac- 

ing this page, and   in Table XXII and Figure VI facing  the 

next page. 

With Santocel C,  the heating  caused the pigment to 

lose as much as  8 percent  in weight,  and  the pigment 

surface became more alkaline, reaching a pH of  8.2. 

Reinforcement v>as  increased by all of the  heating periods 

up to and including three hours  at 1000°F.    At temperatures 

above 1000°F.,  the pigment  jintcred and  lost most of its 

reinforcing qualities. 

The Alon sample   lost moisture up to  10,19 percent, 

and its pH increased to 7*85.    Reinforcement,  as measured 

by the  increased modulus,  increased up to a period of 

heating of three hours at 500°F.    It was  interesting to 

note that heating Alon at 1500° and 1700°F. brought  it 

far over on the alkaline  side and although  it was then 

less strongly reinforcing,  it gave tha hi chest tensile 

I! 
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strengths.    Since Alon is produced by an acid  process 

involving hydrochloric acid and the  last  step  in its 

preparation is the removal of this  acid by hooting,  it 

appears that an even greater amount  of  heating of   the 

Alon might  be beneficial if  it  is  to be used  to produce 

high-strength silicone rubber. 

In several other miscellaneous   experiments where 

various pigments were heated for 16 hours at  500°F,  in 

_ order to  remove  nil traces  of water from their surfaces, 

improved reinforcement was obtained in several  cases and 

notably in one  case, Titanox RA.NC,    Ve feel that  surfo.ee 

moisture  is undesirable but that the preheating treatment 

of rubber and pigment  together has  other advantages in 

addition to removing moisture on the  surface of   the pigment 

PK of _5urface of fieinforcinc Fillers 

Because Alon and Santocel C are both slightly acidic, 

it was thought  that the  acidity or alkalinity   of the sur- 

face of a pigment might shou some relationship  to its 

I reinforcing value.    In order to investigate  this matter, 

Alon, Santocel C and titanium dioxide were treated with 

hydrogen chloride gas, on the  one  hand, and with ammonia 

gas,  on the other.    The  excess gas was removed in various 

ways:  by heating at varying temperatures and by heating 

| in vacuum.    The pll of  the treated pigment was determined 

by suspending 0.5 gram quantities of the  pigment  in 100 cc. 
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of water and determining the pH of the suspension. 

Interesting results were obtained which are  shown graphi- 

cally in Figures VII, VIII,  IIC and X,  facing  this page, 

V/ith Alon maximum reinforcement appears to  bo  obtained 

at a pll of approximately 5.5> with modulus and  hardness 

falling  off  on cither side  of  this  point.    The   elongation 

is a minimum at this point, indicating that  cither acidic 

or alkaline surfaces  of Alon result  in higher  elongation 

test results, 

V/ith Santocel C, the range at which good reinforcement 

is obtained is broader   than with Alon and extends from a 

pll of approximately 3 to 8,    Excess acid  on the  low pH 

side or  excess alkali  on the high pll side causes all 

properties to fall off.    This broader range of utility 

with Santocel C may be associated with  the  high absorptive 

nature of this  pigment.    It is  possible that Santocel C 

has  capacity  to absorb and  render  harmless a considerable 

quantity of acid   or  alkali. 

The results with titanium dioxide were less  conclusive 

than those with Alon and  Santocel C.    It appears  from the 

data that titanium dioxide with a pll between 6 and  6 will 

give satisfactory reinforcement. 

Coating Pigments with SlliepnjS. Ol^s, to Inproye_ Re 1 nf orcement 

Work has already been reviewed on early attempts to 

improve rcinforcoment obtained uith fillers in 87-79 rubber 

—r- 
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by coating them uith silicone  oils.    Very little beneficial 

J effect was noted.    It seemed wise to investigate again 

the possibility that  silicone  oils  placed in intimate con- 

tact with pigments might  improve the  bond obtained between 

filler and rubber.    For  the  purpose, Srntocel C :.'as selec- 

ted for prclir.iinary work because it  is kno\/n to possess 

a considerable pore structure;  thus  large amounts of  oil 

could  be added to  the  pigment,    The technique used was to 

dry the pigment by heating for  several hours at 500°F, 

to remove the moisture.    The  selected amount  of  oil was 

dissolved  in carbon tetrachloriuc and added to  the  pigment. 

Carbon tctrachloride reduces the viscosity of the silicone 

oil solution so  that  it  can penetrate and  coat  the fine 

particles  easily.    The  carbon tetrachloridc was  evaporated 

in an oven at 200°F,    Table XXIII,  facing  this pace, 

show:;  the  results  of a study of  various amounts of  oils 

on Santocc]  C in 20-volumc  loadings in SE-76.    Host of  the 

work was done  -»ith General Electric 9981LT-** silicone  oil. 

It wa.-i observed that as  the amount of  oil on the  surface 

of the pigment was increased up to 100 per  cent  by weight, 

the modulus  and  hardness decreased while  the  elongation 

and  tensile  strength increased.    This appears to be  true 

for oven cures  of one  hour  at 300°F.,  or   16 hours at 1+80°F. 

I Precautions wore taken to  increi-.se the bcnzoyl peroxids 

in proportion to the  additional  silicone material present 

•'.n the recipe.    Furthermore,  the amount of rubber '.;as 

—i. 
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decreased as the silicone oil was increased, so that the 

20-volumc loading of Gantoeel C remained constant, based 

on the total amount  of  silicone material present. 

Ammonia-stabilized liquid gum v/as used in t he  same 

manner as the silicone oil.    Tnis  material was  found to 

result  in an increase in Modulus and hardness an the per- 

centage was  increased. 

Uhen the General Electric  9y8lLT-**  oil v/as used with 

Hi-lil, Sphcron 6 and Titanox JTAUC, the effects ucrc much 

less apparent,  indicating that  the  cap:city  of the Santocel 

C for absorbing  the  oil har: a lot  to do with the results 

obtained. 

It MIS concluded that compounds made with Gantocel C 

could he modified considerably with the use of this tech- 

nique. 

The llnde Air Product:-, Company has  proposed the use 

of al':yl  urichloros.llancs r.s coating materials for pigments. 

After the addition of  r.ilanc  to the  pigment it  is  exposed 

to water va.;or which hydrolyzes the  chlorine atoms,  and 

the  silanolu are condensed to form a siloxanc coating  on 

the  surface of  the  pigment.    This  treatment  was tried 

with methyl trichlorosilane, vinyl trichlorosilane and 

dimethyl dichlorosilane  on the surface of Sontoccl C, 

Ti+arcA RA1TC,  Cclitc oCO and   3phcron 6.    In all but  one 

of these cases, no outstanding Improvements wore observed 

over the normal reinforcencnt afforded by thu uncoated 

TT 
- 



t 

ll 

I 

I 

x 1 

r 

!' 

I! 

D 

D 

I! 

0 

71. 

pigment.    The  exception was Sphuron 6,  in which  case a 

vinyl siloxane  coating  se.;mcd to  increase the  stiffness, 

hardness and  tensile strength of  the compound  in which 

the  coated carbon black was used.    The iv.aximum tensile 

strength v/as if00 p.s.i.    Further work might very profitably 

be done with carbon black and  si loxane  coatings. 

I Molecular Weight  of SB-76 Si 11 cone Rubber 

In connection with the work on GS199S Silica,   it was 

found desirable  to mcasurQ the molecular weight  of the 

n S73-76 that was  being used with the  GS199S Silica.    A careful 

study was made  of all of  the   samples of  S"3-76 rubber  \/hich 

hoc   her. u    '"  d^ii'.'f t.h<    >,*y~   ';••.'•.  % . i. :      The •\";.-r.„? . 

Hoto. .on JfeXcjxjilftS. ILq.ixJ4_ of. "llicpi^c^J^oAymcrs. 

"Kolecular weights of the various  batches  of Z'.Z- 

nolymrr '-'ere determined from viscosity data  of  dilute 

  - -        -  • ~      T 

r.olecular weights  of  these samples were arrived at by deter- 

mining the  limiting solution viscosity at infinite dilution. 

The use  of  this   result  in the  Standinger equation relating 

viscosity and moleer.lar weight enabled us  to arrive at 

the molecular weights   of the   various  rrbbers.     in doinr 

this,  assistance -..'as  gained  from work done  by 71ory and 

his  collaborators,   which provided values for  the   constants 

in the   jtaudineer equation.     Three  pa?cs reporting  this 

work arc reproduced hero from Report No,  13. 
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solutions, using the method used by Flory ct al  C1). 

"Dilute solutions  of  each polymer vcrc made at 

several concentrations  in methyl ethyl ketone.    Their 

viscosity was determined at  26°C, using a standard Ostwald 

viscornctcr,  and values for  V%\ 1£3K at 26°C. './ere determined 

for  infinite  dilution by extrapolation. 

"These data were then applied to the  Otaudingcr 

equation: 

{))) = iO-ia (1) 

where M is  the r.olecular weight, and K and a arc constants 

for a  given polyr.-r -  solvent  system at one  temperature. 

"In order to find   bhe  values of  these  constants,  the 

data of Fiery ct al  (1) '•' .re used,    Flory determined the 

limiting viscosity, (% \ I33K, values for polydimethylsiloxane 

fractions  of known usmomctric molecular veights at  20° 

and 30°C.  in methyl et'.yl ketone.    From a plot  of  cq.(l) 

in the form: 

log |\j  a  log K / a log H (2) 

the  constants K and a were determined for 20° and  30° C. 

"Flory'3 data for f/^J rEK at 20° air'. 30°C. were re- 

plotted vising the   f.rhenius equr.tion: 

(-A m Ae - B/T (3) 

to obtain values  of n j at 26°C.    for the fractions  of known 

osmometric molyoular wolght- a third plot of oquation  (2) 

(1)    Flory,  P.J.,  ct al,  J.Am.Chcm.Soc. 21±>336lf (1952) 

—' ^"••«* n^"i— - 
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-./is th^n made to ^ivu ccnst.nts K and a ..t 26°C Va-luos of 

M from'our data at 26°C. could thun oith^r b~ r^ud off tho 

plot  or cd.culat^d  with tho  26°   constants. 

"Values for tho Staulingor equation constants for 

polydimethylsiloxc.no   in methyl  ethyl ketone are as  follows: 

TABir. :c;iv 

Temji..0C_. 

20° 
26° 
30° 

Kxl03 

c.co 
o ,00 
0.55 

-3.0?9 
-3.173 
-3.255 

Jc-  

0.^0 
0.52 
o.«> 

:: 

i: 

i: 

I: 

li 

I! 

Ii 

II 

E 

"The average molecular -eights of the  various batches 

of nD-76 from the  limiting viscosity at 26°C. arc given 

belo\.': 

A3CEIAG3 K0I3CTJLA3 "EIGHTS ST.CM VISCOlOrniC DATA 

 gatcji ITo_«._. 

81339 lfD-591+6 
802S 
B:.-26OO 
B-7155 
11317(as reed) 
Fractionated sample: 
11317(high fret) 
11317(modiuia    »  ) 
llWClc-w "  ) 

.^jj... .;EI;_26°C 

C.C20 
0.760 
0.750 
0.632 
c.615 
C50V 

0.715 
0.568 
0.^22 

Molecular Weight. 

840,000 
730,000 
710,000 
r;i2,ooo 
M-G3,OOO 
^33,ooo 

61+3,000 
'rOO,000 
3>2,OCO     " 

T' 
—-- 
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The  effect of the average molecular weights given 

in the above table oh the physical properties obtained 

with the respective rubbers is  of considerable  interest. 

Me first became  conscious of the variation when, after 

having used Batch No, B-59^6 for several months, we were 

suddenly confronted with Batch ITo. 11317. 

8E-76 of Varying Molecular Weight with -:ntoccl C 

As given in Table X:V, the average molecular weights 

of various  batches of 37,-76 varied from *+33,000 to c*K),000. 

Batch No, E-59'^j with which most of  our work in 1951 and 

early 195^ was carried out, had an average molecular 

weight of  730,000, while Batch No,  11317, which was used 

during the  latter part of 19?2,  had the  lowest average 

molecular weight, ^33,000.    This  is about fifty percent 

lower and was a deliberate  change in the  polymer to import 

better plasticity or workability to silicone  compounds, 

There is no great variation in properties  of a standard 

15-volumc 'jantocrl c stock,  cured with bcnzoyl pcro:ridc, 

as the molecular weight  of  the  gun is  changed.     Data arc 

given in Table l^XVT.    Elongation and low hardness appear 

to be preserved during high-temperature cures in the  lower 

molecular weight gum. 

The only batch of rubber in Table IZIVI which appears 

different from the others is No, 11317.    Upon checking 

with the supplier, we  learned that this batch was indeed 

»«**.. .- -r-r- 
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on the  lover limit  of  their viscosity specification.    The 

supplier.* claims  that there  is   little effect of the molecular 

weight  of  the rubber upon the tensile  strength properties 

above a molecular "eight  of 300,000.    It seems quite pos- 

sible  that Batch TTo,  11317 contained a substantial portion 

of rubber  of molecular weight  less  than 300,000.    As will 

be  seen below,  the molecular c eight of the rubber plays 

a more important  part in recipes containing GS199S Silica. 

SJ1-7A pf^arjlng..&oJU cul.ajr ..'/eight with GS.1S9S A*iU.q& 

G31993 Silica will be discussed in greater detail 

in the  section to follow.    The  effect of   the molecular 

weight of  the rubber upon the tensile  strength properties 

obtained with 05199*3 will, however, be discussed here. 

As will be  shown later, bcnzoyl pcro;:idc may be omitted 

completely from recipes containing C»S199f3 as  a filler. 

In other words,  the C?S1993 has the property  of  vulcanizing 

the rubber as 'ell as reinforcing  it.    In the recipes on 

which data arc. presented in Tables ::;VII, ICXVIII and XXIX 

and Figure XI, no bcnzoyl peroxide was used,    'rith G31998 

Silica reinforcement and  cure, better tensile   strength 

is obtained with higher molecular weight polymer. 

It was found (Picport J!o,  12)  that tensile  strengths 

of over 1000 p.s.i.  could not be obtained with Batch No, 

11317 gum, whereas  tensile  strcngt'ns   of almost  2000 p.s.i, 

had been obtained with Batch No,  59l&»    This was traced 
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to the difference in average molecular weights and led to 

evaluation of OS190S  Silica curing from this   standpoint. 

Table ICCVTI gives data on a batch of the  11317 gum 

which uas separated by solvent  precipitation into three 

different molecular weight fractions, which averaged 350,000, 

^10,000 and 6lK),000.    Cures of the  fractions show the 

highest tensile strength in the case of the highest 

molecular weight fraction, and little   effect on other 

physical properties except that  the highest fraction was 

also more  stable at the 1v00°F. cv.riir   temperature. 

Tables ILTVIII and ::.;i:. contain data for a scries 

of cures with 15 and  25 volun?s  of  Co 3ilica in five dif- 

ferent  hatches  of  ^7,-76.    These  batches verc used,  as 

received, and  their average molecular weights were deter- 

mined by the viscosity method ...s previously described 

(pace   71).    Average molecular ".'eights ranged  from ^30,000 

for Batch Ho.  11317 to 730,000 for   latch !!o.   >59**6. 

With 15 volumes  of  GS Silica  (Table IXC;),  the   best 

reinforcement occurred '.;ith '..atch Ho. £-59L:6 of  730,000 

molecular •..iclglit. 

All of the available batches of sn-76 were compounded 

with 25 volumes  of GS199S   .ilica,  the data bcinf; Given 

in Table ."J.VIII and  prc3cntecl graphically in Figure "1, 

There arc several interesting points evident from 

inspection of  the data and graph.    There  is a definite 

increase in tensile  strength as molecular weight  increases, 
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i.e., from 200-000 p.s.i. at V30,000 molecular weight  to 

1000-1750 p.s.i. at 700,000 molecular vclght.    This  occurs 

with either a 300° or ^-00°?. enre, although the result  is 

more easily detected at the  lover  temperature of  cure. 

This accounts Tor the failure  to produce high-tensile- 

strength GS199- Silica stoc!:? vith the regularly availablo, 

low-molecular-weight  variety of 3E-76.    Figure XI shows 

that as gum molecular vcight increases, the  tensile  strength 

plot indicates the biggest increase, ^/ith a slight  effect 

observable    in elongation improvement.    Other properties 

arc not changed appreciably. 

Thc3c data show that 3E-76 rubber, to be most  effective 

in compounding with GS Silica,   should be of about 700,000 

average molecular weight,  or more ,    This  grade of polymer 

shows better tensile strength than the presently favored, 

lover viscosity type  currently  soil by the General Electric 

Company.    It is  recognized that softer>  leer molecular 

weight gum is easier to mill and  easier to  "freshen" by 

milling after having been nixed and aged. 

: ! 

DuPont G31993 Silica _as a.il£i.rlf.PiLc-i.n£L A£°A*. 

DuPont G3199S Hydrophobic oilica was brought to our 

attention late ir. 1951. The properties of this material 

arc given in Table XII and in more detail below. It had 

already been extensively evaluated" by DuPont as an lnor- 

gmic thickening agent far  oils  to make  lubricating greases. 

T?* 
I»«i 1    1  »   II »     m       •    I 1  1     1 •• • —  

JJSi ti£ 
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The  structure  of   the pigment has  not  yet been revealed. 

The product information sheet put  out by Grasselli 

Chemicals Department,   3»I«  du Pont de Nemours & Company,Inc. 

stated that GS199S Silica has the  following proportiess 

1. Extremely small ultimate particle  size 

2. High specific  surface area 

3«   Pronounced hydrophobic  and  organophilic   properties 

i|.   dase of  dispersion in organic systems with 

conventional milling procedures 

S>.  Low bulk density 

Other  obvious  characteristics may be listed: 

6«  An organic  constituent  to the  extent   of 

approximately 15 percent which  is  removable by heating 

in air  at lj.8ooP. 

7» A pronounced capacity for taking up  static 

charges 

Other properties  disclosed by DuPont  include  the following: 

1.  Surface area by nitrogen absorption 250-300 m /g. 

7 lb./cu ft., 
average 

8^-88^ 

2.  Bulk density 

3»  Si02 

lj.« pH in 50-50 methanol-water mixture    7• 5-9*5 

5« Physical  form  of  silica Amorphous 

It was  also revealed that the pigment  is  chemically 

stable  at  ordinary tempo matures  except  in the presence  of 

alkalies  and hydrogen fluoride.     It is subject to  attack 

by oxygen above  200°P.,  with loss  of its hydrophobic 
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properties. 

It was also claimed that GS199S Silica has a strong 

reinforcing of fret in natural rubber and  in standard GR-S, 

Cold GR-S  and  ITcoprcnc  GN. 

Particle diameter of the ultimate   particle  of GS199S 

Silica is approximately 0,01 microns.    This  is net  creatly 

different from that of Santoccl C.    One of  the first fea- 

tures  of  GS199S  "Silica was that  it could be  incorporated 

in siliconc rubber to the   extent  of   50 volumes per hundred 

of rubber,    Sxich hif;h loadings v/ould  not be very  practical 

but may be compared with Santoccl  C, for example, with 

which 27.5 volumes  is the maximum loading,  even though the 

ultimate particle sizes arc practically identical. 

It must be assumed  that the organic coating on G3199S 

Silica temporarily prevents  penetration of the  liquid 

silicons rubber into pores of the filler.    This   occurs 

fairly rapidly  in the  case of  Santoccl C.    In both  cases, 

a structure  is formed as the   liquid  siliconc rubber is 

absorbed by the porous  silica filler,  but development of 

this  structure  is retarded in the ease of C-S1993,  so larger 

volume  loac'inp.s can be incorporated.    Repeated milling 

breaks dovn the structure  effect and tends to restore 

plasticity.    It is  our f ecling at this time  that a 25-volumc 

loading is probably the maximum that  is  likely to  be used 

commercially with GS1993, as  compared with approximately 

16 volumes,  ordinarily considered the maximum with Santoccl C« 

— .. 
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The  table  on the  opposite page shows the magnitude 

of the physical properties that  can be obtained with GJ199S 

Silica in S3-76 rubber.    These tests were obtained in the 

presence  of variable  bcnzoyl peroxide.    They  show that 

the   concentration of  bcnzoyl peroxide has  little effect 

on the  hardness  or modulus,  especially after  2h hours at 

^-OO^.    Bcnzoyl peroxide has c. slightly adverse effect 

on compression set.    Full cures at ^OO^. appear  to be 

impractical with ?-5 volumes  of GS1993  - the  compounds 

stiffen and harden too much. 

The table  shows  the highest tensile   strengths that 

we  had ever seen with silicons rubber at  the  time  that 

they   /ere measured.    Unfortunately, high tensile   strength, 

heat resistance and  compression set resistance do not 

seem to be  obtainable   in one  and the  same  slab. 

It seemed obvious  that the  bcnzoyl peroxide used in 

the recipes in Table XXX was doing no good whatsoever, 

Uhcn it was removed,  it was found that   curing occurred in 

its absence.    In the absence of bcnzoyl peroxide,  optimum 

tensile  strength is  not reached in a one-hour  oven cure 

at 300°F., as occurs when it  is  present.    The maximum 

tensile strength is reached in about  16  to 2h hours at 

300°F.,  or  in 2 to 6 hours at ifOO0?.    Curing at W00° or 

lf30°F.  hardens and stiffens  the GS1995 recipes at a much 

faster rate  than  it docs recipes not  containing G3199S, 

» i. **" 
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but the bonzoyl pcro::Ic"c ploys no important role* 

The following paces of thir.  report arc devoted to 

GS1993  compounding and the  effect of varying concentration, 

time and   JorTr.pcratnrc  of  cttrcf molecular weight  of the 

rubber, methods  of miring, etc, 

'electron micrographs of G319° > resemble  thosn taken 

of 3. -"itoccl C,    The ultimate particles arc of approximately 

the same  size,  C.01 microns,  but the aggregates of Hcntoccl 

C arc  slightly larger.    The similarity of the tuo pigments 

stops  here,  for Santocc! C is definitely hydrophilic 

while G31993 is hydrophobia. 

Electron micrographs  of GS199-3,  3antoccl C and 

GS199S in SZ-76 rubber, face this  page*    These show the 

particulatc structure of the  fillers, the  large porous 

aggregates and the way the rubber penetrates and surrounds 

the GS199S in a 15-volunc recipe. 

The organic coating in G31993 was shown to bo essen- 

tially butyl alcohol.    It can be removed, intact,   -y 

dissolving the silica substrate in 3N sodium hydro-ride. 

This was c'onc, and positive i.lcntif lectio--1 of at least 

one half  of the coating "as made.    It was found  to be nor- 

mal butyl alcohol.    Tbc ccatlng is  o:cldizablc  upon heating 

in air but i*3 not rrncvrxl by heating at M-OO0?. in vacuo 

(k percent weight  loss under these conditions).    It appears 

that the coating is c'pcmically bonded to the  silica. 

It may bo surmised that partial renewal of the 

TZ&SZZrmr 
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chemically bonded coating during oven curing of  silicone 

GS1993 mixtures  is connected in some way with the develop- 

ment of vulcanization bonds.    The mechanism by which this 

vulcanization may occur  has not  been nor Iced out. 

In Iteport !,To,  12, the results of over a hundred tests 

in which G3199S was used as the  wring agent, were reported. 

These  could  be divided into two rain groups,  those in which 

high molecular weight rubber for Batch No,  59^6 was  iced 

and those in which softer,  lower molecular weight rubber 

for Batch Ho,  11317 was used.    The  effect of the molecular 

wei.-ht of the  rubber has  been discussed previously, 

Fror: the tables in Report No, 12, ve find that the 

vulcaniziii" action is too dilute when less than 10 volumes 

of GS1993 Gilica is present ar.d too concentrated when more 

than 30 volumes is present,    Ka::imum tensilr   strength 

appears  to be obtained at 20 to 2^ volume  loading.    Since 

the filler  is  also serving PM  curing agent,  it  is  difficult 

to decide whether to avoid over curing by using  10 to 15 

volumes  of 03199-3 or to achieve maximum reinforcement by 

using  20 to 25 volumes. 

It will be  shown later that the  over curing  tendency 

is not strong at 300°F,    Tests carried out with a relatively 

shoi't cure at 300°F,  are best,  therefore,  for  an examin- 

ation of the effect of the volume  loading of GS199S  silica. 

The teats shown in the table below ve:e obtained -;ith a 

»*» 
**«*. :!.**: -'• 

IT* 
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2*f-hour cure at 300°F. These vulcanizates may be con- 

sidered fully cured, as optimum tensile strengths are 

generally reached in this period. 

S4£U3J-3BO, 
r                                    EFFECT  OF V0LUIi3 LOADIIIG OF OS1993  III 3F.-76* 
I.  HO BSrZQyL PFR0X12B  - 2> jnSj. .AT 300^. _ 

T.                          Vol.Per                 Stress© Stress© Tensile Slong. Hardness 
100 of s:>76      2005^       WOQff       n.s.i.    __£  3horo A 

5. ?° 3° .32 V63 11 
l5(AV.r-' tents) 180 310 1556 930 l:7 
25(AV. Ift :sts) ?J2 M5O 16U-0 &M 67 

•Batch B-59^6 

nlO 81 14-8 5M-7       925 26 
l^raV.P -he-itsl      180 ITO IWJ 0^0 L;.7 

I! 
The high tensile strength of 031990 vulcanizates 

such as  those in tiie table  above e.re the  product of moder- 

ate  stiffness  and high elongation.    To this   extent,  GG1990 

resembles .'Ion which imparts similar  stress-strain proper- 

ties.    The  stress-strain curve of GS1990  compounds is 

peculiar in that there   is a hump near the  origin,  charac- 

terized by Inch initial stress at  low elongations.    This 

""structure"  irregularity is removed v/hen test strips are 

stressed once or  tvicc before   Doing  tested to breaka 

Ultimate tensile  strength and  elongation are  not changed 

much by  such treatment, although the stress-strain curve 

is  lowered Generally at lov extensions.    No explanation 

of this  irregularity can be offered at this  time, 

Higher volume loadings of GS199S le?.d to the formation 
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of Dlasticlike slabs.    These tend to be brittle,  if cured 

at high ter.perr.tures.    The maximum volume  loading that 

was reached on the laboratory mill was  ?2,5 volumes per 

hundred  of rubber. 

HJRh-Temperature ^rpj?_ejrtics_ x/ith OSJSI/^. SjLJLica 

Due to the  persistent  curing action of  G3199S Silica, 

loss  of tensile strength and  elongation,   common in all 

oven curing  of silicone stocks,   is much greater when these 

contain G3199S   iilioa than when they do not.    "lien curing 

or aging  is   limited to 300°F., GS199S recipes are fairly 

stable.    At the  time that this contract "as c?.oced, ve 

•ere  unable  to -orevent rapid decay of  tensile  strength 

and,  especially|  elongation during high-tarvperature ac-- 

ing or  curinc.    ">iacc the curing potential has been built 

into the  pigment by its manufacturers '.'ho have combined 

therewith an organic coating  removable not  b ' heat alone 

but by oxidation plus  heat,  it seems probable that the 

! curing action may, with further study, be controlled, 

When this  is done,  strong,   resilient silicons rubber will 

result  from the use of  low percent,?.-en of the  pigment, 

and very  touf?h,  tightly cured,  highly reinforced com- 

pound will result when high loadings are used.    Data 

in the following sections of  this report will  show the 

degree of over curing commonly obtained with GS199fj. 
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fiate of Cqre of. G§.]$S& Silica, tyixes 

Tensile   strength and elongation data i/ere obtained 

at 300°F.,  l+00°F.,  k50°F. and  1+60°F. at various  times 

of  cure on a  25-volume mix with GS199S Silica in standard 

SE-76  (about  "+30,000 molecular weight).    Equivalent 

cures were reached at approximately 50 hours at 300°F. 

and 6 hours at ^OO0?.    At ^50° and ^OO0?., the  equivalent 

time would  have been less than one hour but  cures   short- 

er than one hour were not attempted.    The data are not 

accurate enough for a determination of  the tenperature 

coefficient. 

The rubber used here was the  low-molecular-weicht 

gum, Batch 11317.    Tensile  strengths  of  800 to  1000 

p.s.i. were reached only by curing for M3 to 96 hours 

at 300°F.  or for 6 hours at !fOO°F. T'.ie  low-rcoleculnr- 

v/eight rubber does not  provide sufficient   stiffness to 

result in high tensile   strength.    At 300°F., there was 

very little tendency toward over curing.    One might 

conclude that at 30OOF.  the cured product  is  reasonably 

stable, although it  is  obviously still undergoing 

curing.    However,  at ^00°,  h50° or ^80°?., there is  no 

question that the 25-volume loading of GG199S  is  rapid- 

ly overcuring the  product.    The  rates of  cure at 300° 

and ^00°?. are easily analyzed by looking at Figure XII. 

As  In benzoyl per oxide-cured silicone rubber, the 

compression set does not  jegin to fall to a satisfactory 

~ 
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level until the  elongation has dropped far down.    It 

j is  interesting  to  observe that over curing to n decree 

leading  to  embrittle went definitely does not  occur at 

300°F,   (up to 96 hours)  but occurs quickly as the oven 

temperature  is raised.    The data may be found in Table 

XXXIII and Figure XII. 

In Table XXXIII,  the rate  of cure of  10 and  1'; vol- 

ume mixes at ^80°?,  can be followed.    Using elongation 

as an inde:: of cure for  want   of a better one in this 

n case, we see that a  10-volune mix required about 20 I. 
hours at V8C°F., a 15-volume mix required k hours,  and 

a 25-volume mix (Table XXXII)  required about  2 hours 

to drop to 100 percent elongation.    Thus at  lover  con- 

centrations  of GS199J Silica,  the over curing   tendency 

is diminished; unfortunately such mixings are not ade- 

quately reinforced,    fixtures of G3199-3 Silica vith 

reinforcing pigments  have been tri 2d \ith mixed, success, 

and further work is  indicated here. 

Curing With _Be.nzoy.l_ Per_oxida 

It might be expected that cross-linking of  silicone 

rubber reinforced by 08199*3  "ilica with benzoyl peroxide 

might stabilize the  system with respect to U-80°F.  curing. 

Therefore a  study of press and  oven curing with various 

proportions  of benzoyl peroxide was carried  out  in an 

attempt  to overcome high-temperature  brittleness. 

r^SEF*" 
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1 «P?es3 j3urjLn£_.Data 

Variation of press curing temperature  -.'an carried 

I out with 25-voluxie G3199S   Silica stocks containing 0.5 

and 2.0 percent benzoyl peroxide.    Low-molecular-weight 

gum,  rjr.tch 11317, was used.    Data arc eiven in Table :CZJV. 

With 0.5 percent peroxide, reinforcement was lowered as 

the press curing temperature "as raised.    The  sane was 

true using 2 percent peroxide,  as  indicated "by  the modulus 

data.    These data are comparabla to those in Tables XVI 

and XVII,  and  2ga:'.n sung^st th.it peroxide decomposition 

products are operative  in dcpolynerizing the  '371-76 at 

the higher press temperatures,    None of these variations 

i servad to keep the M30°F. cured slabs fro:.', becoming stiff 

and brittle and  therefore unsatisfactory. 

2 ..Oven. Curing. Data 

Table XXXV shows data on 'TOO
0
 and ^CO0?.  oven cures 

of 15 and  "?$ volume GS Silica stocks -/ith varying 

£ bcnzoyl peroxide.    The regularly available  lower molecular 

weight -.,:>76 siloxanc polymer  (Batch IJo,  11317) was used. 

The purpose of this series of tests was to determine 

the high-temperature curing properties of the  1 en-;-molecular 

weight polymer with G3199S Oilica plus  peroxide.    Fifteen- 

volume stocks withstand hk hours at li-00 F. i.'ithout 

becoming brittle.    However,  from the standpoint  of tensile 

strength,  the 12-hour cures at ^OO0?. were superior. 

With 25 volumes of Go Silica, the  12-hour  cure at 

I: 

1! 

• *** 
-~r.?k*r-  - 



f 
W 
10 
or, vO   1   1 XTN   1     1 CM   1    1 CO    1     1 CM   1    1 CO    1     1 
no C\J    1     1 Irs  1    1 O   1    1 O-   1     1 O.  I    I vO    1    1 
•^0 OJ    1     1 Jr   1   1 \T\   1     1 J"    1     1 O-  1    1 co  1   1 
rO-± 

Qj>   1 

w 
V) 

S8 
ITsro l t>-0   1 mi  1 J"    1     ' O-   1    1 04  1   1 
V\V\  1 CO ro  1 

00J3-  1 
7H  1   1 c^ 1   1 \r\ 1   1 

r-* ro 1 CM „+   1 ro  1    t J- 1  1 IT\   1     1 
CO CM 

CD ^ 
G O J-J- 0 \/M>-r>- PO HC 0 CM \T\ro r-i fOOvJ CMCOJ- 
'O U 
u 0 
tdxJ 

3- v'.i IN irwQvO \0 C*^\D C^CO O CO OO ON CJCO Q\ 

Uco 

G 
O 
•H 

81 +>+3 
rt G 
tot' C, V\0 iTNCO \T» in m m OOO lr\0 0 c. tr\ir\ 

li' G 0 rH CM VT\ CM O C^ c^oo ^f\rl COlTNrH rH CV OJ 
o O  fn ITS CO \r\CM J- rH \j Irs ju* 
Fb l-l 0 r3 

I-I A. U 
0 4-> 

»i —         ~-» 

r>. 0 
4* H   NJ-H CO CMO 

vj'GKcM 
CO UX* GVJ1"   ON t^-.CD OS \rsO^- iH -H 

d! •H a  • o-v:;>_j- O-C^ rH rH CNPT CNrHJ- r-i roro ro-a 
M ti   (J« CVJ nn \r\zl- ro vO_v (O Oi CO'UTM-l CAlT\CvJ rH   G 
Hi a ^ • rH -H 
M 0 +> 0. 
co! 

O cj 

R 0; ,   &*&& <^J?6' c^cfc? W*1 Ft* O 
X2 fn 

&t 

,v 
,     OOCO 

CD ^ O 0 00 000 OQO 
OOCO 

000 O pj 

£>! O QCO 0 00 S55 OOCO 4^>  5 

3 M 
0 I J-J-3F X   j.  -•- J-J--J- 3-Jr^r C« i 
>. 

1 
•>OU VJU>^> UjU .>i>G> <^J J 

a G 
> 

xt 0 
0 G to w « to w w to n to n 10 tr. ci M in 1*] \n \n 

0; !          r<    fj   (4 £33 f-« H :-i ^55 u m rn 
.0 JZ St xl % £ 3 7 

6 
0 

I      rOrH 
c\j j-sn 
rH3" rH 

OJH-^O 
rH2-rH 

CMJ-V.O 
I-H3- rH 

CM^-vO 
rH_J-rH 

CM-HfsO 
rH3-rH s£ 

0. toro 
Oj Cv. 

r'*. rH TJ Q 
>»-H | <•' 4J 
0 LJ UN O VT\ O O cd 

Ol **8 8 * • • • • 0 1      ° O i-l O 0 rH •H   OT 
+>  CO 0 1 

rH   O 
JB WO.I 

CO "S 
1 G 

H td     VTN 1T\ U> VTN \r\ vr\ 0- a 
O -H rH rH rH CM CM VJ 1 
>&.! Hlr\ 

CO rH 

•P :  * cj co cd rj a • a 
G ° 0 0 0 O 0 0 JH 
9 •H •H •H •H •H •H a; d 
0         rH H rH r-H H rH rH  O E •H •<H •H •H •H •H n 
•H CO CO co CO T> CO CO a •  CO 

CO O 0 s ro CO G   CD 
0 O O O r3 CU   U 

•• O fU 
in 

*0 1 cu • 4J^-N^-> 
P r-1 CM ro rH CM ro O rH CM 
O '     1 1 1 1 1 1 G ,»-'—* 
Pi •    lf\ \T\ XT\ vO \0 vO •p 

§r-c )      vO vD vO vO vO vO O 
•       <M CM CVJ CO CM CM O 

0 CM CM CM CM CM CM Cx, 

:^: 
• /  •: t 

•~— 



f 
I 

f 

r 
r 

88. 

j" hO0°F. is the only satisfactory one, and all properties 

suffer \rith further  cur inc.    Other data she*./ that uith 

benzoyl peroxide  present, the highest elongation and 

tensile strength arc obtained in short  cures,  1 hour at 

300° or ^00° P.,  these properties falling  off fairly rapid- 

ly with further curing.    This   is attributable to the 

effect of the pigment,   the ultimate properties being 

independent  of  the   concentr -.tion of benzoyl peroxide. 

Sffect jqf Hilling CS199" Mixes 

Fine powders are difficult to disperse in silicone 

rubber;   the finer they arc the greater the difficulty. 

The difficulties  in the case of  silicone  rubber arc not 

the same as those encountered in ordinary rubber compound- 

ins.    There,  if one proceeds  slcly to add the   fine  pouder, 

the only tiling that happens   is  that  the  batch becomes 

very hot and very tough as  high loadings arc reached. 

With silicone rubbers,  the fir ..it sign of difficulty is 

notcc". -'hen the batch IOOSOMG from the rolls and falls 

into the -lan,    The  lack of  cohesivenoss of   silicone rub- 

ber to  itself,   or adhesiveness  to  steel-mill rolls makes 

mill-mixing  difficult.    Fast mills,  tight rolls and  care- 

ful adjustuont  of batch-size to fit the mill are essential, 

GS199'-  Silica makes  no exception to the rule.    Our obser- 

vations arc  that GS1993 is  somewhat more difficult to 

handle  than Alon or Santocel  C on the  laboratory mill. 
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Production-scale batches  have not been attmpted. 

It is found that standard  ('+33,000) molecular weight 

rubber is far more easily compounded with GS199S than 

tougher grades of  rubber.    The   latter may  easily require 

twice as  long  to mix  in the  laboratory.    Higher physical 

properties result f as  shovm on page   7$.    The  plaoticizing 

action of  lover molecular vcight  polymer  is  offset, with 

G31993,  by the lover properties that result. 

I'hcn a given batch is mixed,   good practice recoran.onds 

aging and rcmillinc  after a day  or two.    Apparently a 

structure  is  built up, as  is the case with Gantoccl C,  and 

rcmilling seems  to restore tack, pliability and plastic 

flow properties.    Table Lwirvi shows the  effect of prolonged 

storage of a master batch of  2 5 volumes  of C-°>199S  in '3I3-76. 

A large master batch was  prepared,   containing 25 

volumes  of  G31993 Silica.    It was then exposed at   125°F. 

for 21 days,  with samples  being removed periodically. 

The samples were remlllcd to establish whether the  stock 

appeared to be setting up  in storare, and  then were cured 

and tested.     Ho change in workability  on the mill could be 

detected.    The results are  shown in T tie XXXVT.    There 

appears to be no consistent  change  in the properties   of 

this  25-volume  stock in 21 days at   125°F. 

The same master batch, aged for  two months at room 

II temperature  (April and May), wan  then cured and  tested 

., without rcmilling.    Except for a slight  stiffening, which 

D 
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could have been reduced by rcmilling,  the results were 

satisfactory. 

Banbury-mixed batches of G31993  in S~J-76 '/ere prepared 

by the Grasaolli Chemicals Department of DuPont,    One 

such batch had  evidently heated up to the  point ••here  it 

had scorched, but another was succc.iafv.lly mixed and was 

usable. 

Three separate rcnilling treatments wore given to 

15,  25, 30 and 3? volume mixings in standard £3-76•    The 

data shown in Table .TJ'.VII include only cures of 2h hours 

at k-OO0?. plus 9 hrs. at *+80°F. and reveal  that a  con- 

siderable improvement in elongation and therefore  in ten- 

sile strength resulted from the additional milling.    These 

arc the best WOOF, cures that we have made.    This amount 

of rcmilling might not he practical, but there seems to 

be a "ay her,  to counteract the ovcrcuring tendency to 

some extent, 

plastioizers of GSlSSa &&<& 

Many attempts were nadc to plastiolzc GS199S compound 

to aid in withstandlnc high-tenper-ature curing,     .'ithout 

exception, these attempts were failures.    The details  of 

these tests may be found in Report No.  13. 

Rate of Decomposition of Bonzoyl Peroxide and ilcchanism 
of^ulccjijLzaptioii 

In Ilcport ZTo. 10, preliminary data were given on the 

I 
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j rate  of decomposition of bensoyl peroxide in normal 

heptane  as a  solvent.    This T;ork was followed up, and 

Report "Jo.  13  contained an account  of the rate of decom- 

position of bcnzoyl peroxide in the presence of si 11cone 

rubber   itself,   as well as  some experiments on the rate  of 

vulcanisation of liquid siliconc, hcxamcthyldisiloxane, 

v/hen reacted with p-chlorobcnzoyl peroxide.    All of  this 

work  is made the subject  of  a special section of  this 

report which follows, 

Ac;"l peroxides decompose under the  influence  of  heat 

into free radicals vhich arc able to react with suitably 

activated compounds.    Thus benzoyl peroxide decomposes 

according to the following scheme t 

n 1.     (C5HcCO0)    —4 2 C5H5COO. 

2.     C6HrCOO.   — -$    C^Htf.  / C02 

The free radicals   so formed may react i/lth a silicone rubber 
as  follows: 

l' 3.    (C^H-COO)    —-* 2 C5H5CCOH / one cross-link between 

siloxane  chains. 

U h.    (0^115000)2 — ~$ 2 C0r/ 2 C^.^CHp- siloxano  / ? v/ 

n 5.     (C^HjCOOjg   <* 2 C^H^COOCKg-siloxanc  / 2 H^ 

The  study of the mechanism of vulcaniz...tion performed 

J" by this  laboratory is  divided into three parts, 

1.    Investigation of Reactions of Bcnzoyl Peroxide with 

\j 3illcp.nj:. Gum Dis.sqlv_cd. i_n ajaj&ert JLoJb/cnt 

i; 

I! 
This work shared the possibility  of  followi:i:*  the 
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[" reaction of benzoyl peroxide vith a silicone   polymer 

dissolved in an inert solvent.    The  nost significant 

result obtained was that benzoic  acid appeared in all  cases 

as a product  of  thj decomposition of benzoyl peroxide  in 

the presence of  heat rnd silicone  polymer  (Reaction 3)» 

in amounts approximating  20 percent  of  the  stoichiomctric 

content.    Carbon dioxide and benzene   (Reaction 2)  were also 

I isolated,   indicating a complex mode of decomposition of 

benzoyl oeroxidc through a  free radical mechanism involv- 

ing benzoatc and p'aenyl fragments.    It vas also found that 

the neutralization of the  'jenzoic acid, as formed,   in- 

creased the efficiency of the benzoyl peroxide and effee- 

I tivcly increased the  extent  of  the  vulcanization of  silicone 

polymer. 

2,    Mechanism of Peroxide. Vulcanization of Hexamothyl- 

dlsilo::anc 

p-chlorobenzoyl peroxide was the  curing agent used 

[j to study the   vulcanization of   hcxamethyldisiloxanc.    The 

chloro-substituted peroxide was chosen because it allowed 

determination of the quantitative distribution of the 

various peroxide fragments by tracing the  chlorine tagged 

groups.    Hexamethyldisiloxane was chosen as the  simplest 

J! prototype of silicone rubber polymers ordinarily used in 

industry.    Free p-chlorobenzoic acid  (Reaction 3)  and  car- 

bon dioxide  (Reaction h) were isolated directly from the 

reaction mixture,    p-chlorobuizoatc groups attached to the 

) 
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siloxane chain (Reaction 5) were  cleaved by means  of 

hydrolysis with strong alkali and recovered as p-chloro- 

benzoic acid,  p-chlorophenyl groups also attached to 

the siloxane  chain (Reaction k) were identified from 

calculations based on the amount of   carbon dioxide evolved 

through dccarboxylation of p-chlorobcnzoatc groups. 

TABLE XXXVIII 

DISTRIBUTION OF CHL0BIN& IN ?kPJ!JkLLY_yVLCP:m.ZF3 

HEXAMETHYLD1SHOXAMs 
Percent Percent 
based on based on 

Vcight    total ini- total chlo- 
in        tial chlo- rinc  accoun- 

grams .   IAHC_  .£M -f-°-r  

Chlorine present in orig- 
inal peroxide 1.269 100.00 

Chlorine present  in free 
isolated p-ClBA 0.2796 22.03  .-27.9 

Chlorine found in reac- 
tion mixture after 
removal of  free 
p-ClBA   0.7620 60.0*;- 

Chlorinc corresponding to 
total COo evolved in 
original'rcaction 0.H-99 39.32 l:-9.o 

Chlorine  present in chloro- 
benzoate  groups hydro- 
lyzcd in second re- 
action 0.22M-....   17.op 22.3 

Chlorine  present in sub- 
stitucnts, total 0.723 . 56.97 

CMnrine linaccounted for, 
total.... 0.266M-..   .20.92 ^--^r— 

..».. 
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A sample of the reaction mixture after removal of free 

p-chlorobenzoic acid was fractionally distilled, and three 

significant fractions were analyzed for  chlorine  content 

and molecular weight. 

TABLB }^\i;: 

MOLECULAR WEIGHT OF PA'TI.ALLY .VyLCAIIIZrj? 

^•CA1CTHYLDI3IL0: ;\N3 

Weight percent of polymeric product based on 
reaction mixture ,  ..15.92 

Molecular veight of Fraction I , 250 

Chlorine in Fraction I, percent 0.V3 

Molar ratio of chlorine  to Fraction I O.036 

Molecular weight  of Fraction II 855 

Chlorine  in Fraction II,  percent .....k.k? 

Molar ratio of  chlorine to Fraction II 1.0C 

D 
Molecular weight of Fraction III 1060 

j Chlorine  in Fraction III,  percent 7.86 

liolar ratio of chlorine to Fraction III 2.3*+ 

This work has shown that,  in addition to   jenzoic 

acid which was known to be a product of the vulcanization 

of siliconc rubber by bcnzoyl peroxide, a large amount of 

substitution into  the siloxanc molecule occurs.    In fact, 

substitution consumes 70 to 80 percent of the  peroxide 

accounted for, with 20 to 30 percent appearing as bonzoic 
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acid.  Some of the substituted groups are 

benzoate groups and thus are the source of 

carbon dioxide which escapes during the oven 

curing of rubber. When carbon dioxide escapes, 

benzoate groups become phenyl groups.  Substitution 

and cross-linking occur simultaneously in the same 

molecule and are probably related, since more 

substitution occurrod in the more highly cross- 

linked molecules* 

3- Mechanism of Vulcanization of Slllcone x<ubber 

This part of the study was performed to 

investigate the formation of benzoic acid in 

tho silicone rubber during press cure*  This 

was accomplished by compounding several slabs 

of General Electric SE-76 gum with Santocel C 

and varying percentages of bonzoyl peroxide and 

giving them different press cures. The press- 

curod slabs were analyzed for benzoic acid 

formed, and residual benzoyl peroxide, before 

oven curing one hour at 300°?. Physical properties 

of the oven cur 3d slabs were deterr.ined. 
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Results 

Expectedly, tho amount of bonzoic acid 

formed was proportional to the amount of 

benzoyi peroxide initially present' nt 

initial concentrations of 6 percent or less, 

only J| to 10 percent of tho benzoyi peroxide 

appeared as benzole acid* This ia much less 

than was found in experiments involving tho 

reaction *dth silicono oils,  tfith 8 percent 

of benzoyi poroxido .iddod, 27 percent of it was 

transf ormod to b .nzcic >.cid. 

Percent B. p. 
Present  

2 
k 
6 
6 

Percont B« A*  Percent B. k> 
Pounds       Pound *» 

• 126 

•kkZ 
2.168 

6.3 
6.05 
7.37 

27.06 

# percent based on 100 parts of rubber 
*Hf percent based on initial bonzoyl peroxide 

There was no proportional variation in the amount 

of bonzoic acid found as time and tompe rature were 

varied from 5 minutes at 212°p. to 10 minutes at 

300°P. 

Peroxide decomposition was 85 percent complete at all 

~ _ " ^*T" 
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I curing conditions more severe than a 10-minute rise to 

250°F. plus 5 minutes at 250°F.    Excellent  cures were 

obtained, with only hk- percent decomposition of the per- 

oxide, with a 10-minuto rise to 250°F., followed by cool- 

ing to room temperature.    Excellent  cures were obtained 

with a 5-minute rise to ?12°I''.  plus  10 minutes at 212OF., 

with only *+l percent decomposition of the peroxide.    There 

seems to be no justification for carrying out  press curing 

p. longer or at a higher temperature. 

3wclling_ of   3111 conc_Rubbj:rj_HoJ^culja_r j-/cJL^ht_ between Cross- 
lilJiKOjill -5& [Gojicjij'c* Ifnc'r gy "pchTiTy"" 

In Report lTo.  10 and Report No.  11, a very thorough 

study of the structure of vulcanized siliconc rubber, 

carried out by R. L. Hauser  of  this  laboratory, was re- 

ported.    This work was done by swelling samples of  vulca- 

nized siliconc rubber and following  carefully the rate and 

magnitude of  the swelling,.   Flory has derived equations 

relating the molecular weight  of  the rubber with the volume 

fraction of polymer in the swollen network.    There is 

one parameter  (/<)  in the equation which has a different 

value for each rubber and solvent pair.    Values of U arc 

known for most rubber and solvent pairs, but were unknown 

for siliconc rubber uith the various  solvents.    By making 

ingenious approximations, Mr.  Hauser was able to arrive 

at limiting values for both the molecular weight and the 

parameters themselves.    The molecular weight referred to 
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above is that designated as Mc,  defined as the molecular 

weight of polymer between cross-links.    Its value there- 

fore gives a measure of  the degree of  cross-linking  or 

the  degree   of  vulcanization. 

This  section  of this  report   is  devoted  to a  summary 

r 
r 

I: 
of Mr. Hauscr's work on swelling.    Included among other 

results is direct proof  that the   first  two percent of 

benzoyl peroxide is far more efficient  in its  cross-link- 

ing action than the next six percent.    Another   theoretical- 

ly important  conclusion is  that the  cohesive  energy density 

of vulcanized slliconc rubber is  7.50 6  .05.    Mr. Hauscr 

E also worked out the technique of carrying out swelling 

measurements over long periods of time. It was found that 

the swelling is affected by the simultaneous extraction of 

polymer by the spelling liquid. 

It should be possible to continue this theoretical 

work on siliconc rubber which is vulcanized by GS199S 

Silica, to establish the M value, i.e., the molecular 

weight between cross-links formed by the interaction of 

the GS199S pigment and the rubber. 

It is known that most oils and fuels deteriorate 

rubber products, silicon- rubber being affected to such an 

extent that its residual strength, when swollen, is 

practically zero. 

The oroscnt study was carried out with the aim of 

shedding sonu. 3,-i-jht or the mechanism of swelling and the 
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EQUILIBRIUM V? VALUES FOR SE-76 VULCANIZATE 

(V£ ia the volume fraction of polymer in the swollen network) 

Solubility Parameter 
Solvent (cal./c.c )£ V2 M.    « 

Perf luor 0 (methyl - 
cyolohexane) 6.5 1.0 Neg. 

N-Hexane 7.27 .138 • 323 

N- octane 7.55 • lijl • 308 

Methylcyclohexane 7.83 .137 • 333 

Cyclohexane 8.20 .U4.8 .f4.00 

D-Limonene 8.50 .183 .I4I6 

Xylone 8,82 .182 .il-58 

Toluene 8.91 .170 .^39*<* 

Benzono 9.16 .206 .521 

Methyl ethyl ket one 9.22 .285 .577 

* Relative values for interaction coefficient based 
on thi3 study. 

•«Ht An independent determination reported by Dr. A.M. 
Bueche at the Gordon Conferences, Now London, N.H« 
August 1953 was O.lj.65 for toluene. This was 
determined from light scattering measurements 
in toluene. 

U 
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controllable factors  which  affect   the magnitude cf  swell 

of a specific polymethyldisiloxano elastomer.     These 

factors  are related to the   amount  of cross-links  of the 

vulcanizing  agent used in thu  compound formulation and 

to the  temperaturo   conditions   of vulcinizationc 

More specifically,   tho degree* of 3well is depondont 

upon the  solvent  and also upon the molocuiir network of  a 

polymer,   whose most  significant  factor is  thw  molecular 

weight of the chain between cross-link3,   called Mc«     It 

was  possible  to determine M„ by using a theoretical 

equation derived by £•   J»  Plory which relates M_  tr> 

the d ogree  of swell  and  to  a polymer-solvent  interaction 

coefficient   /i.t   independent of M •    A special   apparatus 
C 

was constructed to make possible  frequont  and accurate 

measurements  of sample swells  in various   solvents*     The 

table on the  opposite page shows  the equilibrium reached 

withvarious fluids*.  The cohesive onorgydonsity of tho 

rubber lies   close  to tho  value  of the  solubility parameter 

of   the   solvent  or  solvents  causing tho most swolling(Geo)» 

A more accurate method  of determining A*   is possiblo  if 

more uniform molecular wolrht polymer  is   taken initially* 

These swelling  tests  with various  solvents made 

calculation  of  cohesive  enorgydensity of polymethyldisiloxane 

elastomer  possible.     It is  oqual  to 7«50(cal«/c« c« )~,   which 

was  arrived at by tho  method of Gee  and by a more  accurate 

method proposed by Hauser.     The polymer-sol vent  interaction 

..-^.   .. 
•* \t 
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coefficients  (r*) were   shown to be in fair agreement with 

the theories relating to the heat of mixing the  liquids. 

The amount  of  cross-linking agent used in the vulcan- 

ization of silicone elastomer was found to vary significant- 

ly but not quantitatively the resulting M .    Varied  time 

and temperature conditions  of vulcanization also affected 

this  factor. 

IABL3XH 
VJ&IATJON OF Mc yiTH TIC iJSTHOD  OF PREPARATION 

OF SILICONS RUBBER 

r 
r 

li 

li 

0 

Press Cur c Ovcn. _Cijre 

% p.p.,, TimCjjninj Temp.... _°F. Tin c, hrs t T aap,,,n OF. Mc 

0.5 
2.0 
8.0 

15 
15 
15 

250 
250 
250 

2^ 

2h 

300 
300 
300 

>2^,000 
11,000 
9,000 

2.0 
2.0 
2.0 
2.0 
2.0 
2.0 

10 
10 
15 
15 
15 
15 

250 
230 
?30 
250 
?50 
250 k8- 

2>+ 
2h 
2h 
2k 

1 
hr.  eye lr. 

300 
300 
300 
300 
300 
to kQo°¥. 

17,000 
HKOOO 
18,000 
11,000 
2*+, 000 
13,000 

The values of Mc s'no    that the first two percent  of 

bcnzoyl pcroxido added to a siliconc recipe  is far more 

efficient in its crocs-linking action than the  next six 

percent. 

The rate of extraction of polymer was  considered in 

conjunction with the rate of  swelling,  and the rate aquations 

were calculated for both processes which seemed to proceed 

- 
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ad infinitum.    The aim    of  this  part of thr  study was 

to determine rates of  extraction from various  samples of 

siliconc rubber and determine   if extraction results from 

the presence of  nonvulcanizcd molecules  or from nctvrork 

breakdown during swelling.    It was found that the extrac- 

tion of  siliconc polymer when it  is   swollen by benzene 

ray be partly due  to solvation of nonvulcanizcd molecules 

but it  is  also partly due to breakdown of the  cross-linked 

network. 
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During the four-year period  covered by the  two con- 

tracts under which this work was done,  silicone  rubber and 

its technology have  come a  long way.    Mot a   little  of this 

progress  has been aided by work done under these contracts. 

Prior to 1950,  knowledge of silicone rubber vas 

rather closely guarded by the  suppliers uho frankly 

admitted that  this was due to various  causes,   such as: 

a)  the polymer \ias  inherently a  low-tensile   polymer and 

the less publicity,  the better;  b)  the competition between 

suppliers made publication inadvisable;  c) there was  a 

scarcity  of  compounding  information but considerable know- 

ledge of electrical properties; and d)  the compounding 

techniques were so unconventional that they mi^ht retard 

the progress  of  the  polymer if they were publicized. 

Regardless of the merits of these arguments,  the faith in 

this  polymer of  the two  contracting  parties appears no;/ 

to have been justified. 

Silicone rubber is  now entering an accelerating 

growth period  In which the  improved tensile  strength, 

abrasion rssifitance,  tear resistance and  compression set 

resistance will greatly aid  in spreading  its use.    Publi- 

cation of  compounding data and  recipes will bring many 

more rubber compounders into the  field, and  progress 

toward even better products will be  rapid.    This fact alone 

-55 . -       —i -    »»• ' 
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would  seem to  justify the expense of the work. 

It is very definitely true that dimethyl silicone 

rubber requires more reinforcement  than other common 

synthetic rubbers.    The polymer chains appear to be less 

interlocked mechanically or by van de Waal's  forces or  by 

forces of crystallisation than those of any other common 

polymer.    However,   this fact and  the  fact that free 

rotation exists down to a very low temperdture account 

for the greatly  superior  low-temperature properties  of 

the  silicones.    It now appears that finely divided pigments, 

such as Alon and G31993 Silica, are so well wet by the 

rubber that they permit high  elongations to be reached 

when the rubber is  vulcanized.    The attractive  forces 

between these  (and  several other fillers) and the silicone 

rubber are far greater than those between the polymer 

chains  themselves.     It would  seem that  even  greater strengths 

than those already reached are quite  logically to be 

expected. 

Aside from the interest which is rapidly developing 

j in silicone rubber on the  basis   of   improved physical 

properties,  there is a definite possibility that some 

chemical modification of  the fully polymerized silicone 

rubber may yet be possible to make derivatives which will 

also be useful.    One of   these,  called 0-2,  has been made 

I and used in the factory of  the  contractor for the  purpose 

of lubricating and bonding silicone rubber to the   fibers 

D 
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of glass cloth where the composite  is   to be used  in 

diaphragms.    Such diaphragms, which formerly failed to 

! pass a flexing  specification calling for  100,000 flexes, 

have been Meeting  this   specification without difficulty 

since  the  use  of  the  glycerol-stabilized  liquid   silicone 

rubber has been introduced.    Tine  has  not permitted find- 

ing an explanation or uechanism for the  improvement.    It 

is,  of  course, possible that a similar risr.lt  could be 

achieved in some   cheaper way, 
r 
i Results being  obtained under  another contract  (NOas 

51-766-c), which were predicted by v/ork done  on the 

chlorination of depolymerized r.ilicone rubber under this 

contract,  give promise of  improved fuel-resistant   silicone 

rubbers which retain resilience at low temperatures. 

This  goal, which is being  sought by all branches of  the 

armed services,   if  reached, would in itself  certainly 

Justify the time and effort spent on it to date, 

i An intangible but still worth-while result  of  the 

two contracts with  the Office of The Quartermaster General 

is  the not  inconsiderable amount  of know ledge of  the 

chemical properties, the  compounding know-how, the diffi- 

culties and the advantages of   silicone  rubber v/hich have 

been studied and reported in this series of  fourteen 

reports.    Such information is not available  elsewhere, 

due to  the  paucity of publication in this  new field. 

At least one major contribution of a theoretical 
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nature has been made in the studies of the mechanism of 

swelling of silicone rubber and how swelling is affected 

by state of cure. An exact figure for the cohesive energy 

density of silicone rubber was found. (This has since 

been confirmed according to a private communication from ! r another laboratory,)    The  methods and principles of  swell- 

ing  of a vulcanized rubber such as  silicone  can be used 

as a tool in further investigations   of the mechanism of 

reinforcement.    It  is to be  hoped that this work can be 

continued at an earl:   date.    The advantaces of  studying 

both the theory of reinforcement of rubbery polymers and 

also the  theory  of vulcanization of rubber In a system 

which is as simple  as the dimethylsilcxane  rubbers are 

j obvious.    Here, with a single vulcanizing agent,  benzoyl 

peroxide,  and starting  with a pure polymer,   3or,e  of  the 

complicated effects of  particle  size,   particle   shape, 

and the nature  of the  surface of the particle can  be 

studied and  the themodynaitic  equations  can be worked out 

for reinforcement.    It should also be possible  to work 

out more accurate expressions  than heretofore  obtained 

for the stress-strain curves.    It would  be interesting, 

too,  to investigate the  effect of vulcanizing agents other 

than benzoyl peroxide on the swelling characteristics 

of the rubber.    The  number of  cross-links produced by 

benzoyl  pc::c;:ide is less than that expected on the  basis 

of  theory, and  the v/ay is  open for   the development  of a 
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J more efficient vulcanizing agent. 

Adequate reinforcement  of silicone rubber appears to 

be obtained only when thorough wetting  of the  filler by 

the rubber is attained.    Several ways  of  improving this 

have been found: 

1. Dispersion of filler  in solutions of depolymerized 

rubber 

2. Prolonged milling 

3. Uso of fillers which are easily wet by silicone 

rubber,  such as silica, alumina,  silica aerogels 

and certain diatomaceous   earths 

h. Use of preheating treatments to promote contact 

between filler and rubber 

5. Use of aging and remilling for the same purpose 

6. Application of  liquid  siloxanes to   the   surface 

of  porous fillers 

V/hen any of these methods results in good vetting, 

j and when the filler  is  of small particle  size  (0,01 to 

0.02 microns), maximum reinforcement  results.    This 

usually occurs at 15 to 25 percent volume loading.    The 

cross section of the siloxane  chains  (kO ft ?)  is  still 

small compared to the cross section of a 0.01'particle, 

| The  latter is 2500"IT ft2.    A filler particle of 0.001/4 

diameter vould  have a cross section of 25?£2 and would 

be of the same  order  of magnitude as  the  siloxane chains 

themselves.    If this were an easily wetted material, 
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great improvement   in reinforcement should result. 

Improved tear-resistance seems  to result when both 

tensile  strength and  elongation at  break are high.    This 

appears to occur when reinforcement is not too great,  so 

that strain does not  cause localized stresses.    The resis- 

tance is also improved when fibrous materials are introduced 

to dissipate  localized forces at the tearing centers. 

Kigh elongation occurs when pero::ide concentrations 

are low or v.hen fillers such as  Alon or  titanium dioxide 

interfere with normal action of  the benzoyl peroxide.    Con- 

trol of the curing action of GS1995 Silica by limiting 

the time and temperature of  curing or aging  also  results 

in high tear-resistance.    High-mole cular-weight  silicone 

rubbers which require fewer cross-links  to vulcanize them 

should  have outstanding tear-resistance. 

It has been observed in this work that reduced benzoyl 

peroxide generally results  in some improvement  in com- 

pression set resistance.    This appears to  be due to  reduced 

depolymcrization in the presence of   less benzoic  acid. 

The  effect is  small but definite, a s  is   the  improvement 

resulting from lowered curing temperatures  (press curing) 

and for a similar reason.    Long  oven cures are evidently 

needed to shake  loose and evaporate low-molecular frag- 

ments which might otherwise break loose during the  com- 

pression set determination,  thus  causing  cross-links  to 

f->rr Irrj np the  test with  a re^vHant  hj^h  set.     It  is 
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assumed, here, that cross-links are  formed v/hen chain 

ends break loose. 

CH3 

2     - Si - 0 

CH, 

CH3 

Si - 0 
t 

CH, 

CH3 \ 

Si - GH,  1/    heat 

CH / 

4 

silo;:ane 

siloxanc- 

volatile at  250°C. 

CH,    CH      CH,    CH, 

/ CFL-Si-0-Si-O-Si-O-Si-CII 
3  t t 1 t        3 

CK-,    CH- CH, CH- 
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If  such reactions  occur during  oven cure, they v;ould 

not  change j-r-^.tly the  value  of  M    as  has been found  to 

be  true, but  they might greatly reduce ultimate elonga- 

tion, as  is also true, and they should definitely reduce 

the  formation of cross-links during compression set deter- 

minations. 

Preheating, as practiced here,  should reduce compres- 

sion set, as was found to be the   case. 

A prediction of the future of Alon and GS199S Silica 

insofar as they are related to silicone rubber may not 

be out of place.    Both fillers face tough competition 

because  they are expected to cost at least a dollar per 

pound in comparison with Santocel  C and Aerosil at prices 

• •••11 
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less than a dollar per pound.    This would be   especially 

true if  silicone rubber eventually reaches a  "popular 

price" of a dollar per pound.    For those applications 

where outstanding tensile   strength and elongation, 

abrasion- and tear-resistance are needed,  and many more 

such applications will be fou:iri   in the  future, GS199S 

Silica will be required until  improved  types  of this   or 

other fillers make  it  obsolete.    The   technical public will 

not be satisfied permanently "ith a rubber which is  strong 

only -./hen reinforced with glass fabric.    There is an 

excellent  c'.vr.nce, also,  that use '.'ill be made of  the 

resinous properties imparted at high curing  temperatures 

by GS1993.    Flexible resin costings can be made from 

] silicone rubber and G51993 Silica.    Ue h:\ve, as yet, no 

knowledge  of the relative value of  these versus  the   commer- 

cially available silicone resins. 

The study 1  here,  of the mechanism of peroxide vulcan- 

ization is not considered as completed research.    V/e still 

do not  know with sufficient accuracy  the  disposition of 

all the peroxide.    We know only that a considerable  portion 

of  it  is wasted, particularly if high concentrations are 

used.    This subject needs further study, and better cross- 

linking agents are needed. 

The question of molecular weight   should not be con- 

sidered one to be answered with convenience for the 

manufacturers of  silicones.    'Thile  it may be true   that 
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the heterogeneous polymers  of the past require  such strong 

reinforcement that one must necessarily use a rubber  con- 

taining much lower polymer in order that it may be milled, 

extruded and calendered,  it  is  to be hoped that greater 

chain length may reduce the  amount  of reinforcing filler 

needed and  thus  make  it  possible  to use a   less  "soupy" 

polymer.    Polymer  or resin at :'^.00 per pound is much too 

expensive an item to evaporate  in a  curing  oven.    It has 

been clearly  shown that the  higher molecular weight 

polymer  is  to be preferred when GS1993 Silica is the 

reinforcing and  curing agent,    Benzoyl peroxide,  however, 

tends  to covrr  up  the defects of   low-mole cular-weight 

silicone rubber. 

At this  time, no important application of the rela- 

tively easy dcpolyracrizatioii of  silicone rubbers \i±th 

acids  or  acidic   substances,  other than reclaiming,  is 

foreseen.    As a method  of producing a  soluble  siloxane 

material for further reactions,  it would seem that better 

reactants  could   be made directly from the monomers.    As 

a possible method for  producing reactive surfaces against 

which other materials may be bonded, it would  seem that 

there are   some possibilities.    3ome work, using such 

techniques,  has been carried out under contract with the 

Department  of  the Navy (NOas 51-766-c). 

This discussion would  not be complete without  sugges- 

tions   or recommendations  to the Government  concerning 

TT tf~~' jr 
-rr-7--~ 



If 
I 

III 
I 

i: 

r 
i" 

i: 

i' 

I": 

i 
D 

I 

I 

I 

I 

ill, 

further research and development work on the sillconcs. 

(1) It is advisable that the Office of the Quarter- 

| master General continue to maintain contact with an indus- 

trial concern which is interested in making articles out 

of silicone rubber, so as to take advantage of the latest 

improvements in the field, whether they may stem from the 

work recorded here or from unsponsored developments. 

Such contact docs exist between the Office of the Quarter- 

master General and The Connecticut Hard ".ubbcr Company 

(DA M+-109-qm-lA-6). Products on which develonment work 

is being carried out include V-bclts made from silicone 

rubber, heat-resistant flue patches for tents, and 

electrical connectors made from silicone rubber wire. 

Independently, the Connecticut Hard Rubber Company has 

fabricated a retread compound using silicone rubber rein- 

forced with GS1S9S silica and has shown in road tests 

that its abrasion resistance is of a quality coi arable 

to that of standard retread materials, 

(2) Me  recommend that fundamental research be spon- 

sored by the Government through one of its defense agen- 

cies to study further mechanisms of reinforcement and also 

to study the mechanism of vulcanization of silicone rubber. 

This Company would be interested in carrying out such 

research because it feels that continued fundamental 

research is essential to provide data which later result 

In better raw materials out of which improved products 
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are produced.     We submit  that  the history of the whole 

polymer  field is a demonstration of this point. 

It is also recommended that   a program in a competent} 

laboratory be sponsored for  the purpose of fitting stress- 

( strain curve equations to the stress-strain curve  of the 

silicone rubber*     The simplicity of recipes for vulcan- 

izing and reinforcing silicone rubber and the  possibility 

of producing relatively uniform molecular weight fractions 

of   the  rubber  should give rise  to very accurate data in 

J a problem of this  kind.     Furthermore,   the  freedom from 

harmful  degradation by oxygon and  the  wide  temps rature 
J range   over which the polymer is comple tely stable would 

make  it possible to  carry out such research over a  wide 

temps rature range and  permit determination of the   effect 

of the   temperature paramoter.    Contracts of   this  type have 

the  advantage  in that  thoy provide not  only the  fundamental 

research but  trained investigators. 

(3)     Stronger,  more useful silicone rubber appears 

to be  possible   (a)  by producing higher molecular weight 

I rubber,   and  (b)   by producing even finer filler particles 

with which to reinforce it.     Such systems will  undoubtedly 

be produoed eventually.    They could be produced,   at least 

experimentally,   more  rapidly if research and development 

work Mere sponsored by t he Government.     It is  reoommeru'ed 

I that if funds are available,   and if a satisfactory 

program can be  obtained from an industrial  firm such a 

c on tract should now be initiated. 
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